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“A man’s life is only a vapor that 
vanishes in an instant. One should 
spend his life doing that which he 
enjoys. As short as life is, it is 
foolish to spend it doing only the 
things one hates. – Hagakure: The 
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Esse trabalho tem como objetivo geral analisar experimentalmente o comportamento de uma nova 
configuração de microestacas injetadas a serem implantadas no Brasil. A principal inovação é a 
utilização de tubos de aço de elevada resistência mecânica para perfuração e como componente 
estrutural das microestacas. Além disso, esses tubos contêm válvulas especiais uniformemente 
espaçadas com a finalidade de permitir injeções de nata de cimento no terreno (válvulas 
manchettes). As microestacas foram executadas em um novo campo experimental situado nas 
proximidades da Faculdade de Engenharia Agrícola da Unicamp de acordo com a metodologia 
citada. Ensaios de campo do tipo SPT-T, CPTU e DMT foram executados com o propósito de 
caracterizar a região de estudo A estratigrafia do subsolo local é composta por 5 m de argila siltosa 
(colúvio) seguidos de 20 m de solo residual de diabásio. No campo experimental, foram instaladas 
04 microestacas (M5, M1, M3 e MT) com diferentes pressões de injeção de nata de cimento ao 
longo do fuste e na ponta (Diâmetro Nominal = 0.3 m and Comprimento Efetivo = 17 m). Todas 
elas foram instrumentadas ao longo do fuste com extensômetros elétricos e submetidas a provas de 
carga estática do tipo lenta. Três delas foram submetidas à esforços de compressão (M5, M1 e M3) 
enquanto uma delas foi submetida à esforços de tração (MT). Verificou-se, através dos dados 
fornecidos pela instrumentação, que a maior parte da carga aplicada no topo foi absorvida por atrito 
lateral, o que já era esperado para esse tipo de fundação profunda de acordo com a literatura 
especializada. Levando-se em conta as microestacas que chegaram a níveis de carga superiores (M3 
e MT), próximo à saturação da resistência geotécnica por atrito lateral, o valor médio mobilizado 
(qs) foi em torno de 100 kPa. Foi possível observar que as microestacas analisadas nesse estudo se 
mostraram promissoras em termos de mobilização de resistência geotécnica por atrito lateral 
quando comparadas com outras estacas escavadas executadas no mesmo contexto geológico-
geotécnico (Campos Experimentais da Unicamp). Levando em conta as microestacas M3 e MT, as 
quais mobilizaram uma resistência geotécnica por atrito lateral próxima à saturação, o atrito lateral 
médio mobilizado para a estaca comprimida foi em média 2.41, 1.74, 1.59 e 1.15 vezes maior que 
os valores mobilizados por estacas do tipo tradicional escavada, hélice contínua, raiz e ômega, 
respectivamente. Já o atrito lateral médio mobilizado para a estaca tracionada foi em média 2.34, 
2.26, 1.66 e 1.32 vezes maior que os valores mobilizados por estacas do tipo tradicional escavada, 
hélice contínua, raiz e ômega, respectivamente. 
 
Palavras-chave: Microestacas injetadas, Instrumentação, Provas de carga, Mecanismo de falha, 





This work general aim is to experimentally analyze the behavior of a new configuration of 
postgrouted micropiles to be implanted in Brazil. The main innovation is the use of steel tubes of 
high mechanical resistance for drilling and as a structural component of the micropiles. In addition, 
these tubes contain special valves evenly spaced in order to allow injections of neat cement grout 
on the ground (manchette valves). The proposed micropiles were installed in a new experimental 
site located near the Faculty of Agricultural Engineering at University of Campinas according to 
the aforementioned methodology. In-situ tests such as SPT-T, CPTU, and DMT were performed in 
order to characterize the site. The stratigraphy of the local subsoil is composed of 5 m of silty clay 
(colluvium) followed by 20 m of diabase residual soil. Four steel tube micropiles were installed 
(M5, M1, M3 and MT) in the new experimental field with different grout injection pressures along 
the shaft and tip (Nominal Diameter = 0.3 m and Bond Length = 17 m). All of them were 
instrumented along the shaft with electrical extensometers and submitted to static slow load tests. 
Three of them were submitted to compression loads (M5, M1 and M3) while one of them was 
submitted to uplift loads (MT). According to the instrumentation data, the total load applied at the 
top of the micropiles was mainly absorbed by skin friction, which was already expected for these 
type of deep foundation elements based on the specialized literature. Furthermore, the micropiles 
that reached higher load stages (M3 and MT) also mobilized a grout-to-ground bond strength (or 
skin friction) close to the fully saturation. For these micropiles the average bond resistance (qs) was 
up to 100 kPa. The new configuration of micropiles presented in this study showed to be promising 
in terms of skin friction mobilization when compared with other non-displacement piles performed 
in the same geological-geotechnical context (UNICAMP Experimental Fields). Taking into 
consideration the M3 and MT micropiles, which were tested near to the geotechnical failure, the 
skin friction mobilized from the compressed micropile (M3) was on average 2.41, 1.74, 1.15, and 
1.59 times greater than the compression values mobilized by the traditional bored piles, continuous 
flight auger piles, screw piles, and root piles, respectively. Besides, the skin friction mobilized from 
the tensile micropile (MT) was on average 2.34, 2.26, 1.32, and 1.66 times higher than the values 
mobilized by traditional bored piles, continuous flight auger piles, screw piles, and root piles, 
respectively. 
 
Keywords: Post-grouted micropiles, Instrumentation, Static Load Test, Failure Mechanism, 
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ρ Axial movement at the top of the pile - mm 
S Shaft area – m² 
QCult Geotechnical failure under compression load 
- kN 
QTult Geotechnical failure under tension load - kN 
Tmax SPT-T maximum Torque – kgf x m 
Tr SPT-T residual Torque – kgf x m 
w Water content 
Gs Specific Gravity 
qct Corrected cone tip resistance - MPa 
fs Cone sleeve lateral resistance - kPa 
Rf Friction ratio 
εsteel Allowable compression steel strain 
AINCO100D Cross-section area of the Monobar – m² 
Fy_INCO100D Monobar yield stress - MPa 
 
τmax_average Average value of limit bond capacity 
between the steel casing tube and the grout 
interface - kPa 
QDEC The Decourt interpreted failure load- kN 
QF&H Fuller and Hoy interpreted failure load 
(adapted) - kN 
με Microstrain 
p Injection pressures of the preliminary 
treatment - MPa 
emax maximum value of eccentricity - m 
eallowable allowable eccentricity - m 
fct Grout tensile ultimate stress - MPa 
Δen Elastic shortening in the middle of a generic 
section - mm 
Δfn Shaft displacement of a generic section - mm 
Δe_total Total elastic shortening - mm 
qs_VV Extrapolated average grout to ground bond 
strength or lateral geotechnical resistance – 
kPa 
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 Micropiles are drilled and grouted deep foundation elements, heavily reinforced with a 
nominal diameter less than 300 mm (FHWA, 2005). Such piles were conceived in Italy in the 
1950s by the Italian civil engineer, Prof. Eng. Fernando Lizzi, and was introduced in the United 
States two decades later. Their first applications were for the direct structural underpinning of 
old structures as an innovative solution to rebuild and reinforce old buildings affected by the 
post-war effects (CADDEN et al., 2004). Applications in South America have been dated from 
the mid-1970s when 2 large installations of micropiles were performed as landslide protection 
along the Santos – São Paulo Highway (BRUCE; DIMILLIO; JURAN, 2016).  
 After the 1980s, there has been a rapid expansion of micropiles application worldwide 
in order to overcome the inherent space difficulties arising in major urban centers, especially 
due to the micropile’s high load capacity ratio (both structural and geotechnical bearing 
capacity) and their versatile construction methodology (BRUCE; DIMILLIO; JURAN, 2016). 
Significant equipment innovations have evolved to provide: (1) easy access to difficult site 
conditions, whether flat or inclined (2) the ability to drill through a difficult geological stratum 
of limited access and (3) low levels of vibration and noise (NOGUEIRA, 2004; FHWA, 2005). 
In summary, the application of micropiles in the current scenario includes solutions to a diverse 
range of engineering problems such as underpinning existing foundations (RUSSO, 2004; 
HOLMAN AND BARKAUSKAS, 2007; EL KAMASH AND HAN, 2016), seismic retrofitting 
(FHWA, 2005; CHEN et al., 2017; HADDAD AND CHOOBBASTI, 2019), and as an in situ 
reinforcement (SUN et al., 2013; XIANG et al., 2015). 
With the micropiles technology outbreak in the global market after the 1980s, there was 
also an increase in the number of construction methodologies regarding them (CADDEN et al., 
2004). They basically vary from the type of grouting methodology to be performed and their 
final application. According to FHWA (2005), there are at least 4 types of grouting 
methodologies (Types A, B, C, and D). The basic difference between them are (1) the intensity 
of the injection pressure, (2) in which region of the pile the injections are applied, (3) whether 
or not there is a postgrouting phase with additional injection pressure, and (4) the grout-to-
ground ultimate bond strength or ultimate skin friction (qs). In general, the qs values are directly 
proportional to the level of injected pressure and it also depends on the type of the surrounding 
soil. 
The grouting methodologies most applied in Brazil are Types B and D. According to NBR 
6122/2019, the first one is assigned as Root Piles or “Estaca Raiz” while the second one is 
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assigned as Injected Micropiles (Tube à Manchette Micropiles) or “Microestaca Injetada”. For 
Type B micropiles, the grout is placed into the hole under the pressure of about 0.5 to 1.0 MPa 
as the temporary drill casing is withdrawn (FHWA, 2005). In addition, the injection process is 
carried out by a pile’s head device at the top of the pile. For Type D micropiles, there are two 
or more grouting phases. Firstly, the neat cement grout is placed whether by gravity or pressure 
injected, similar to the Type B methodology. This phase is usually called preliminary treatment. 
Secondly, after the hardening of the preliminary treatment, a postgrouting phase is carried out 
in different regions along the pile shaft using tubes with manchette valves in conjunction with 
a double packer. In that case, the injection pressure can reach values above 2 MPa (FHWA, 
2005). Lastly, several postgrouting phases may be applied in Type D micropiles in order to 
achieve the target bond strength in a specific soil horizon. 
According to Barbosa (2019), Type D micropiles did not achieve its full potential in Brazil, 
having its use dated around the '80s with the technology of Prestressed Ground Anchor Pile or 
“Pressoancoragem”, initially conducted by Professor Costa Nunes (COSTA NUNES, 1985). 
During this period, few studies were carried out to understand its behavior. In addition, in the 
following years, the micropile construction in Brazil was limited to the Type B micropiles (Root 
Piles), leaving the use of Type D micropiles only for specific conditions (Barbosa, 2019).  
To this extent, there are several equations to estimate the geotechnical bond strength of 
Type B micropiles that can be found in the specialized literature in view of the vast experience 
acquired during the decades. On the other hand, there are a fewer number of formulations to 
estimate the geotechnical bond strength capacity of Type D micropiles. Furthermore, most of 
them are methodologies used to estimate the bearing capacity of ground anchors which can lead 
to conservative values. Cadden et al. (2004) emphasizes that the lack of detailed measurements 
of the limit bond strength of Type D micropiles for preliminary designs has resulted in 
conservatives’ values and, in order to overcome this issue, development of a more complete 
database on ultimate geotechnical bond strength obtained by instrumented static load tests 
installed in different geological site conditions is necessary. Therefore, this study general aims 
are to experimentally analyze the behavior of a new configuration of postgrouted micropiles to 
be implanted in Brazil and to update the values of ultimate shaft resistance (or ultimate skin 
friction) proposed by the FHWA (2005) for Diabase residual soil, typical of the Campinas city, 
São Paulo. 
Fundamentally, the new micropile methodology covers a drilling phase performed by 
washing and roto-percussion of a high-capacity structural steel tube with an external diameter 
of 8 " (200 mm) and a drilling crown coupled in its first section. After the drilling reaches the 
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target depth, neat cement grout is then injected from bottom to top with the aid of a single 
packer inserted inside the tube at the tip of the pile. The purpose of this phase is to  fulfill the 
outside diameter of the pile (annulus grout/ grout sheath/outside grout). It is worthy to state that 
the final diameter of the micropile after the annulus grout injection is approximately 30 cm. 
After the hardening of the annulus grouting, the second phase of grout injection is performed 
with high pressures by special sleeved holes (manchettes) fixed on the steel tube. In short, the 
main innovation present in this construction methodology is the use of the steel tube as casing 
protection, drilling tool, injection instrument, and structural element. As a result, the global 
construction process is significantly reduced which leads to an increase in their productivity on 
site. 
For analysis, interpretation, and dissemination of the data from the new micropiles in the 
scientific environment, a new experimental field was built at the State University of Campinas 
- UNICAMP and named Experimental Field III. There are currently two experimental fields at 
UNICAMP, where research has been carried out into the soil-pile behavior of various types of 
foundation in a typical soil of the region (Diabase soil) and which have produced several papers 
published in annals of events, journals, book chapters, master dissertations and doctoral theses. 
 Regarding the geotechnical investigation of the Experimental Field III, five Standard 
Penetration Tests with Torque (SPT-T), two Piezocone Penetration Test (CPTU) and one 
Dilatometric Marchetti Test (DMT) were performed on-site with the purpose of characterizing 
the geotechnical ground conditions. A total of six micropiles were performed on the site, all of 
them instrumented along the shaft with electric strain gauges and subjected to slow load tests. 
Four of those will be the object of this study, three of them submitted to compression loads and 
one to tensile loads. 
Hence, the specific aims of this study are: 
 to detail the construction process of the new configuration of micropiles showing its 
benefits and limitations; 
 to interpret the failure load observed during the static load tests as well as to evaluate 
the predominant failure mechanism of the tested micropiles since all micropiles 
presented structural instabilities; 
 to evaluate the behavior of the micropiles based on the results of the load test 
instrumentation, load vs displacement response and the load transfer mechanism 
concepts; 
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 to compare the values of ultimate grout-to-ground shaft resistance with other types of 
non-displacement piles performed in UNICAMP in order to measure the effect of the 
grout injections on the geotechnical resistance enhancement; 
 to compare the ultimate grout-to-ground shaft resistance obtained in the static load tests 
with those provided by the FHWA (2005) and other semiempirical formulations, for 
this type of micropile (Type D) and soil conditions.  
 
Finally, this study provides an important opportunity to advance the understanding of the 
behavior of Type D micropiles submitted to either compression or tension load in Diabase 
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2. LITERATURE REVIEW 
2.1.  Micropile’s historical development and types of applications 
Micropile technology was firstly introduced into the foundation community by the Italian 
professor Fernando Lizzi in the 1950s. The initial purpose of professor Lizzi was to offer a 
viable solution to underpin old structures which presented pathologies due to World War II. At 
the time, they were performed through the old foundation (spread or caisson foundations) as a 
group of small diameters battered piles or “palli radice” in order to provide ground stabilization 
(Figure 1).  
 
Figure 1 – Root pile arrangement for spread foundation underpinning (FHWA, 2005). 
 
By the time Lizzy’s patent under “palli radice” or root pile was over, this type of foundation 
began to spread and develop in other European countries (LIZZI, 1982). Additionally, United 
States, France, Japan, and Brazil started to develop their own micropile technology based on 
the geotechnical singularity of each country and the experience of their specialty contractors 
and consultants. In the middle 1980’s there was an increasingly number of micropiles 
foundation design as support elements to seismic application in United States (CADDEN et al., 
2004). In order to provide guidance to the technical community the US Federal Highway 
Administration (FHWA) provided a major research to study this technology and its potential 
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applications (BRUCE; DIMILLIO; JURAN, 2016). In Brazil, the first micropiles used were 
grouted ground anchors that could work with compression (COSTA NUNES, 1985). This 
technology was introduced by the creator of soil ground anchors, professor, and geotechnical 
engineer Professor Costa Nunes. After the causalities of Hanshin earthquake in Japan, an 
organization was formed to begin a research and development program to use micropiles as 
seismic retrofit in the 1990’s. The result of this program was a design and construction guide 
called “Design and Execution Manual for Seismic Retrofitting of Existing Pile Foundation with 
High Capacity Micropiles” (CADDEN et al., 2004).  
 Therefore, considerable advances have been made worldwide in micropile practices, 
especially in terms of drilling equipment, grout injection’s techniques, structural materials, 
design methods and applicability. Additionally, several local names were created, including 
Estaca Raiz and Estaca Injetada (Portuguese), pieux raciness, pieux aiguilles, minipieux and 
micropieux (French), minipile, micropile, pin pile, root pile and needle pile (English), palli 
radice and micropali (Italian) (BRUCE; BRUCE; TRAYLOR, 1999). 
As micropile single performance has evolved through time, their range of engineering 
applications has also growth in the past 40 years. Foundation support, seismic retrofit, , slope 
stabilization and earth retention (Figure 2) are some of the applications which micropiles 
foundations can be designed for (FHWA, 2005). 
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2.2.  Characteristics and definitions 
Piles can generally be classified as either displacement or non-displacement (replacement) 
types. Displacement piles are usually driven into the ground which leads soil to be displaced 
bellow the pile structure and laterally. Oppositely, replacement piles are performed by drilling 
a borehole into the ground and then the pile is cast or placed inside it. In order to avoid collapse 
of the borehole walls in non-displacement piles, bentonite mud or steel casing are artifices used 
for the stabilization of the excavation (FLEMING et al., 2009). Micropile’s general description 
can be stated as a small-diameter pile (less than 300 mm), bored and grouted (with or without 
pressure), reinforced by steel bars and/or steel casing pipes (VIGGIANI; MANDOLINI; 
RUSSO, 2012). A flow chart of types of bearing piles is presented in Figure 3. 
 
Figure 3 –– Classification of bearing pile types (adapted from BRUCE; DIMILLIO; JURAN, 2016). 
 
According to Lizzi (1993), FHWA (2005), Viggiani, Mandolini, and Russo (2012), 
Tomlinson and Woodward (2015) and  Alonso (2016), this type of foundation differs from the 
other by: (1) not producing significant vibrations and disturbances on the ground (2) drilling 
rigs equipment’s are versatile, therefore, used to overcome environments with difficult access 
and different inclinations (3) tools can be implemented into the drilling rigs (Tricone Roller 
Bit) to get through boulders and stiff soil layers (4) can be performed through any soil type. In 
case of underpinning, they can be incorporated into the old structure providing high capacity 
structural support. 
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The load resisted by conventional cast-in-place non-displacement piles are mainly due to 
the concrete resistance as opposed to steel. Thus, small cross-section area leads to both low 
structure support and limited geotechnical capacity. Due to the development of micropile’s 
technology regarding to drilling and grouting methodology, small diameter replacement piles 
overcame the problem of limited geotechnical capacity, developing high grout-to-ground bond 
capacity values. Furthermore, in order to address the structural capacity issue and exploit the 
potential benefit of this foundation element, high capacity steel elements may be used as the 
main load-bearing component (BRUCE; DIMILLIO; JURAN, 2016). 
Lizzi (1993) recommends a single bar structural reinforcement for micropiles with diameter 
up to 100 mm and a steel cage or a steel pipe casing for larger diameter micropiles (up to 300 
mm). As a result, the steel elements can occupy about 50% of the total micropile’s volume and 
the grout will work as a component to transfer the load to the surrounding soil, mainly by 
friction (BRUCE; DIMILLIO; JURAN, 2016). The service load, therefore, is firstly resisted by 
the steel reinforcement and transferred through the grout to the ground with small end capacity 
values as is the behavior of ground anchors and soil nails which geotechnical capacity is ruled 
by shaft resistance (FHWA, 1999). This performance is justified because of the small cross-
section area of the micropile and debris deposit at the bottom of the tip resulted from the 
installation technique (CADDEN et al., 2004). 
Guimarães Filho, Zirlis and Gomes (1986) conducted a study to evaluate the structural 
behavior of 33 specimens of micropiles under axial compression. Three types of specimens 
were performed (eleven each) and submitted to compression tests. The first type was formed 
only by a steel pipe casing (T-1) while the second type was formed by a steel pipe casing with 
neat cement inside it (T-2). The third type was similar to the second with the addition of a 
complementary reinforcement bar installed in the center of the cross-section area of the 
micropile’s specimen (T-3).  The tests highlighted the importance of the steel pipe casing as the 
main element of structural capacity, resisting values of approximately 87% of the allowable 
load for T-2 specimens and about 78% for T-3 specimens. The experiment also concludes that 
due to the low modulus of elasticity of the neat cement, it has no substantial influence on the 
overall structural capacity of the micropiles. For T-2 specimens, the neat cement resisted up to 
8% of the total allowable load while for T-3 specimens the neat cement resisted only 3%. It is 
noteworthy to state that the water-cement (W/C) ratio of the grout component (neat cement) 
used in the micropiles specimens (T-2 and T-3) was equal to 0.5. 
In terms of the characteristics of the grout component for micropiles, NBR 6122/2019 
establishes a water-cement ratio between 0.5 and 0.6. In addition, cement consumption of at 
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least 600 kg / m³ and grout compressive strength superior to 20 MPa must be guaranteed. 
FHWA (2005) limits the W/C ratio in the range between 0.4 and 0.5, with resistance from 28 
to 35 MPa, whereas the W/C ratio considered in the  EN 14199  (2005) must be less than 0.55 
with compressive strength of 25 MPa at 28 days and a cement content with at least 375 kg/m³. 
 
2.3. Classification of micropiles 
There are several micropile’s classifications worldwide especially because of the recent 
technology advances of the new equipment manufacturers and material suppliers. It is clear, 
therefore, that sub-classifications based on the construction process, pile’s diameter and size, 
grout material or the type of the reinforcement used in the cross-section structural area spread 
among the construction contractors. Nevertheless, in order to simplify and unite all sub-
classifications, a new rigorous one was proposed based on two criteria: the philosophy of 
soil/micropile behavior and the grouting method (FHWA, 2005 and BRUCE; DIMILLIO; 
JURAN, 2016).  
 
2.3.1. Philosophy of soil/micropile behavior 
There are two philosophies of soil/pile behavior defined by FHWA (2005): CASE 1 and 
CASE 2. The first one occurs when a micropile element is designed to support axial or lateral 
structural load and transferring it to a competent soil stratum. In this instance, this type of 
micropile can be used as a replacement for traditional piles as the micropile will be used to 
transfer structural loads to a deeper and competent ground (Figure 4). The second one takes 
place when a micropile element is designed to reinforce the surrounding soil, usually working 
as a group of piles, referred to as reticulated piles, or a network with elements closely spaced. 
In this case, this type of micropile can be used as soil improvement, slope stability or earth 
retention solution (Figure 5). 
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Figure 4 –– CASE 1 Micropile Arrangement (adapted from  FHWA, 2005). 
 
 
Figure 5 –– CASE 2 Micropile Arrangement (adapted from FHWA, 2005). 
 
In summary, according to the application, the structural load is applied to a single pile 
element (CASE 1) or to a whole reinforced soil mass (CASE 2). This means that CASE 2 
micropiles are not heavily reinforced as CASE 1 micropiles, mainly because they do not receive 
directly loads. On other words, CASE 2 micropiles are used to create a zone of reinforced, 
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2.3.2. Grouting methods 
As reported by Bruce, Dimillio and Juran (2016) there are several methods to cast the grout 
into the borehole of a drilled grouted micropile. Additionally, these methods are of vital 
importance to assure grout-to-ground bond capacity. Basically, they differ by how the borehole 
is fulfilled by the grout and whether an additional pressure will be applied to enhance shaft 
lateral resistance or not. Another noteworthy characteristic of the additional pressure (or 
postgrouting) is where it is applied along the shaft. It can be applied at the head of the pile or 
on a specific section of the shaft. FHWA (2005) classified the methods of grouting in four types 
which are described and illustrated (Figure 6) subsequently: 
 Gravity Fill Technique or Type A: once the hole has been drilled to the target depth, 
grout is placed into the borehole with a tremie pipe exiting at the bottom of the hole. 
The grout is placed only by gravity since the grout column is not pressurized. The 
grouting phase can be stopped when the grout starts to flow outside of the borehole with 
a clean aspect, i.e., without any soil/debris contamination. This type of grouting 
technique is generally used when the micropile is founded in rock or stiff cohesive soils, 
and, therefore, pressure grouting is needless. It is worth mentioning that since there is 
not pressure applied, sand-cement mortars can be used as well as neat cement 
composites. In France, this type is referred to as Type I Pile. Finally, this method is 
referred to as primarily treatment of the soil mass; 
 Pressure Grouting Through the Casing Technique or Type B: additional grout is 
injected under pressure after the primarily treatment described above is completed. The 
detail regards this process is that the pressure is applied while the temporary casing is 
being withdrawn. Pressure grouting is typically in the range of 0.3 to 1.0 MPa and is 
usually injected at the top of the drill casing (pile’s head). Grout pressure must be 
controlled to avoid hydrofracturing pressures and/or excessive grout consumptions. 
Lastly, neat cement grout is the most used grout material in this technique. In France, 
this type is referred to as Type II Pile while in Brazil is referred to as Root Pile (NBR 
6122/2019);  
 Post-Grouting Technique (Type C and D): sometimes enough grouting pressure may 
not be achieved with Type B process during casing removal, e.g., when hydrofracture 
as well as leakage occurs around the casing. Additionally, depending on ground 
conditions, a temporary casing is not necessary to sustain the borehole. These types of 
situations have led to the advances of the post-grouting process through which 
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additional grout can be injected via grout tubes afterward the primarily grout is placed 
under gravity (Type A). In order to facilitate the pumpability and workability of the 
composite mass, it is common to use neat cement as the grout component of the post-
grouting technique (LIEW; FONG, 2003); 
o Type C: before the hardening of the primarily treatment (Type A) (it can take 
approximately 25 minutes), a similar grout is single injected at the top of the 
borehole via a sleeved pipe without the use of a packer. The grout pressure 
applied must be at least 1.0 MPa so it can cause the sleeves’ rupture. 
Consequently, the grout will permeate through the surrounding soil mass at a 
desired location. In France, this type is referred to as IGU (Injection Globale et 
Ultimate or Single Global Injection); 
o Type D: the difference between Type C and Type D is basically the level of 
pressure to be injected, hardening time, location, and the number of injections. 
Some hours after the hardening of the primarily treatment (Type A or B), 
approximately 8 hours, neat cement is injected via a preplaced sleeved pipe. A 
double packer is used inside the sleeve pipe so the specific horizon can be treated 
with high values of pressure (2 to 8 MPa). This process can be applied several 
times in a specific horizon to enhance soil properties, if necessary. In France, 
this type is referred to as IRU (Injection Répétitive et Sélective or Repeat and 
Selective Injections) while in Brazil is referred to as Microestaca Injetada (NBR 
6122/2019). 
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Figure 6 –– Micropile Classification based on Grouting’s Method (FHWA, 2005). 
 
A summary of micropile’s grouting methods, subtypes and constructions specifications can 
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Table 1 – Details of micropile classification based of grouting method (adapted from FHWA, 2005). 
Micropile Type and 
Grouting Method 
Subtype Drill Casing Reinforcement Grout 
Type A (FHWA) 
Type I (France) 




hole or auger) 
None, single bar, 
cage, tube or 
structural section 
Sand/cement mortar or 
neat cement grout 
tremied to base of hole 
(or casing), no excess 




Drill casing itself 
A3 
Permanent, 
upper shaft only 
Drill casing in upper 
shaft, bar(s) or tube 
in lower shaft (may 
extend full length) 
Type B (FHWA) 
Type II (France) 
Estaca Raiz (Brazil) 
Pressure – grouted 





hole or auger) 
Monobar(s), tube or 
cages 
Grout is first tremied 
into drill casing/auger. 
Excess pressure (up to 





grouting may achieve 





Drill casing itself 
B3 
Permanent, 
upper shaft only 
Drill casing in upper 
shaft, bar(s) or tube 
in lower shaft (may 
extend full length) 
Type C (FHWA) 
Type III or IGU (France) 
Primarily grout placed 
under gravity head, then 
one phase “global” 
pressure grouting 





hole or auger) 
Monobar(s), tube or 
cages 
Neat cement grout is 
first tremied into hole 
(or casing/auger). 
Between 15 to 
25 minutes later, 
similar grout 
injected through tube 
(or reinforcing pipe) 
from head, 
once pressure is 
greater than 1 
MPa. 
 
C2 Not conducted - 
C3 Not conducted - 
Type D (FHWA) 
Type IV or IRU (France) 
Microestaca Injetada 
(Brazil) 
Primarily grout placed 
under gravity head (Type 
A) or under pressure 
(Type B). Then one or 
more phases of secondary 




hole or auger) 
Monobar(s), tube or 
cages 
Neat cement grout is 
first tremied (Type A) 
and/or pressurized 
(Type B) into hole 
or casing/auger. 
Several hours 
later, similar grout 
injected through 
sleeved pipe (or 
sleeved reinforcement) 
via packers, as many 









Drill casing itself 
D3 
Permanent, 
upper shaft only 
Drill casing in upper 
shaft, bar(s) or tube 
in lower shaft (may 
extend full length) 
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Although the classification described above regarding the grouting method and philosophy 
of behavior is well accepted, there is another important classification about the maintainability 
of the grout pressure into the soil mass. As reported by Costa Nunes (1985), pressure grouted 
micropiles (Type B, C and D) can be divided in two groups: 
 Micropiles that allow the injection of grout to reflow inside the borehole (Reinforced 
Ground Anchor Pile – RGA Pile); 
 Micropiles that do not allow the injection of grout to reflow inside the borehole 
(Prestressed Ground Anchor Pile – PGA Pile); 
 
2.3.2.1. Micropiles with grouting reflow (RGA Piles) 
This type of micropiles is performed so that the injection pressure applied to its shaft is not 
maintained on the ground, i.e., the grout may flow back inside the borehole (Type B). Root 
Piles, Anchor Piles and Self-Drilling Injected Piles are examples of Reinforced Ground Anchor 
Piles. Details of the construction of these micropiles are presented in the next sub-sections. 
 
i. Root piles (Estacas Raiz) 
Widely used in Brazil, Root Piles are classified according to NBR 6122/2019 as an in situ 
drilled grouted pile where the drilling is performed with a temporary casing through the total 
length of the pile. Additionally, they are reinforced with steel cage bars and fulfilled with 
sand/cement mortar with additional pressure at the top of the pile when necessary. The 
executive process of traditional root piles is illustrated in figure 7 and attends the following 
steps: 
 Drilling: a rotary process is performed with water circulation which allows the 
placement of a temporary casing tube reaching the pile tip. Thus, the temporary casing 
is used as a driller component, with an opened crown at the tip (made by a bit of diamond 
or widia), and as a support structure to the borehole. If resistant soil stratum or rock 
material is found, drilling can proceed by a percussive process (use of a down-the-hole 
hammer or eccentric bit drill rod inside the temporary casing). During this step, the 
material (loose soil) is flushed with water through the outside of the temporary casing; 
 Reinforcement: after the drilling process, the steel reinforcement composed of a single 
bar or a set of them properly supported ("cage"), is introduced into the borehole; 
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 Grouting process (Type B): sand and cement mortar are pumped through a pipe at the 
end of the pile. As the mortar rises through the casing tube, this temporary casing is 
simultaneously withdrawn. Compressed air blows (between 0.3 and 1.0 MPa) are 
applied at the head of the pile to thicken the mortar and promote grout/ground bond 
capacity (favoring improvements to lateral resistance). 
 
Figure 7 –– Construction process of Root Piles (adapted from GUIMARÃES FILHO, 2004). 
 
Details of the reinforcement cage with the temporary casing, piles’ head, and shaft 
irregularities from an exhumed pile can be observed in the next figure (Figure 8). 
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Figure 8 –– Details of the reinforcement cage, temporary casing, pile’s head and shaft irregularities from an 
exhumed pile (NOGUEIRA, 2004). 
 
ii. Anchor piles 
There are three main difference between Anchor Piles and Root Piles: the reinforcement 
structure, level of grouting pressure and construction process. For anchored piles, high-capacity 
steel casing is used as the primarily structural main component and grouting pressure can reach 
values up to 2.0 MPa. As reported by Neto Sadalla (1995), the executive process of Anchor 
Piles is illustrated in figure 9 and attends the following steps: 
 Drilling: soil drilling is performed by rotary equipment (drill rod) with water 
circulation. In addition, a temporary casing is also introduced into the ground to stabilize 
the borehole walls, if needed. The resulting loose soil is brought to the surface along 
with water circulation between the drill rod and casing pipe; 
 Primarily grout treatment: when the target depth is reached, the drilling fluid is 
replaced by sand/cement mortar, thrown from the bottom of the excavation, through the 
drill rod itself, to the top; 
 Reinforcement: the drill rod is replaced with a steel tube, which is the pile 
reinforcement itself. It is also possible to place complementary bars to stiffen the cross-
section of the structure; 
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 Grouting method (Type B): The casing tube is removed while air blows (1.5 to 2.0 
MPa) are applied to the pile head. This procedure ensures improved grout-to-ground 
contact surface. Additional grout pressure may be applied if necessary. 
 
Figure 9 –– Construction process of Anchor Piles (adapted from BARBOSA, 2019). 
 
iii. Self-drilling injected piles 
To promote a more practical and fast solution for the construction of micropiles without 
losing its efficiency, a simultaneous drilling and injection methodology was studied in Brazil. 
In the mid-1970s, the foundation of a viaduct was designed on tubular steel micropiles (Anchor 
Piles). However, during its execution it was observed the presence of high resistance boulders 
(SILVA, 2011). Usually, it is necessary to use special equipment such as tricone or eccentric 
bits with diamond or widia components to decompose its structure. Despite this practice has 
been common at that time, it has a large-scale construction deficiency due to the necessity of 
operating several types of equipment at the same time which would lead to a delay of the viaduct 
inauguration. 
 Therefore, the Civil Engineer João Duarte Guimarães Filho suggested drilling the soil using 
sand/cement mortar as drilling fluid. Moreover, the drilling tool (drill rod) was upgraded with 
a tricone at the bottom and served as the pile structure component itself. Additionally, a “global” 
injection would be made without the use of valves (sleeved pipes). As a result, it was verified 
through load tests that the tested pile reached the estimated load capacity. The foundation was 
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approved, and the viaduct was delivered on time (GUIMARÃES FILHO, 2004). According to 
(BARBOSA, 2019) , the executive process of Self-Drilling Injected Piles is illustrated in figure 
10 and attends the following steps: 
 Drilling: ground drilling is performed from a cast steel pipe coupled to a high-speed 
rotary equipment. This tube is fitted with a tricone at its base to facilitate ground 
penetration. Simultaneously to drilling, cement grout is inserted into the tube acting as 
drilling fluid and cementing agent. This method creates a soil/cement mix enhancing 
the surrounding soil resistance; 
 Grouting method (Type B): when the target depth is reached, grouting pressure is 
applied at the head of the pile to improve grout-to-ground bond capacity.  In order to 
ensure the formation of a larger diameter bulb, a higher-pressure grout should be also 
applied in the last three meters; 
 Reinforcement: the steel tube used as a drilling equipment is detached from the drill, 
becoming lost and acting as the micropiles own reinforcement. 
 
 
Figure 10 –– Construction process of Self-Drilling Injected Piles (adapted from BARBOSA, 2019). 
 
A typical section of the described micropile can be seen from a exhumed pile reported by 
Aschenbroich (2001) in figure 11. 
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Figure 11 –– Typical section of Self-Drilling Injected Piles (ASCHENBROICH, 2001). 
 
2.3.2.2. Micropiles without grouting reflow (PGA Piles) 
This type of micropiles is performed so that the injection pressure applied to the surrounding 
soil is maintained on the ground, i.e., the grout does not flow back inside the borehole (Types 
C and D). A tube with valves along its extension is used as a conductive component to inject 
the grout into the soil mass. These valves prevent the backflow of the grout inside the borehole. 
As a result, PGA Piles can develop a higher load capacity than RGA Piles. However, it is 
worth mentioning that in the case of this micropile has been performed in a cohesive soil, the 
influence of preventing grout’s reflow to improve grout/ground bond capacity may be of little 
importance and the advantage of PGA Piles over RGA Piles may be irrelevant (COSTA 
NUNES, 1985). On the other hand, the bond capacity between micropile’s grout and the 
surrounding ground, such as loose sands or fissured rocks, may have a considerable 
improvement on PGA Piles, resulting in high values of frictional resistance when compared 
with RGA Piles. 
It is important to state that sometimes the target pressure grouting through the casing from 
Type B micropiles might not be achieved, i.e., it may not be possible to reach the designed 
grout pressure while the case has been extracted due to potential leakage around the casing or 
ground hydrofracture. Furthermore, there are some occasions that a temporary casing is not 
required due to the good support conditions of the soil mass and, therefore, the application of 
grout pressure becomes unpractical. On other words, there is no feature to conduct the grouting 
pressure (FHWA, 2005). Hence, to overcome these conditions, post-grout techniques have been 
constantly applied (Types C and D grouting methods). Especially by using a special device 
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called Tube à Manchette which is a regular steel pipe or plastic tube with plastic sleeves along 
its length. This feature is used to conduct pressure grouting through a specific region into the 
pile's length and it can also be used several times to apply pressure on the surrounding ground. 
Tube à Manchette Micropiles (Microestacas Injetadas ou Estacas Presso-Ancoradas), Tub-
Fix Piles and GEWI Piles are examples of Prestressed Ground Anchor Piles. Details of the 
construction of these micropiles are presented in the next sub-sections. 
 
i. Tube à manchette micropiles (TAM Micropiles) 
By comparing the executive process of traditional Root Piles and Tube à Manchette (TAM) 
Micropiles it can be observed that the difference between them is basically regarding whether 
a tube with manchettes will be used as post-pressure grout element or not. Moreover, there are 
several executive processes worldwide especially concerning the TAM’s materials and if the 
sleeved tube is used as a structural component of the pile. As reported by FHWA (2005), NBR 
6122/2019. Lima (2008) and Alonso (2016), the construction process of TAM Micropiles 
consists of the following steps:  
 Drilling: similar to the anchor pile drilling process; 
 Reinforcement: after the drilling process, the steel reinforcement, consisting of a single 
bar or a cage is introduced into the borehole. In some cases, the temporary steel case 
tube may be used as the reinforcement structure itself; 
 TAM: after the borehole has been properly cleaned, sleeved pipes are then introduced. 
Basically, these pipes or tubes are composed of valves at every 0.5 m or 1.0 m along its 
length. Four holes are usually perforated around its circumference and they are protected 
by a flexible rubber sleeve which enables the grout to flow out into the surrounding soil 
and it also prevents the grout to reflowing into the tube once the postgrouting treatment 
has stopped (Figure 12). If a PVC pipe is used, it must be enclosed by the reinforcement 
(usually a single bar or a cage) since it has no structural function (Figure 12). On the 
other hand, if a steel pipe tube with manchettes is being used, it is lost inside the hole 
and it becomes part of the micropile cross-section as a structural component (Figure 13). 
In some construction methods steel tubes à manchette can be used as a drilling, injection 
and structural component tool as reported by Barbosa (2019) and illustrated on Figure 
14; 
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Figure 12 –– Details of a Tube À Manchette (on the left)  (LIMA, 2008).  Details of TAM’s sleeved valve covered 
by a flexible rubber (on the right) (STRATA-TECH, 2001). 
 
 
Figure 13 –– Details of the steel TAM on the left. Steel pipe welding details on the right (ALONSO, 2016). 
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Figure 14 –– Details of steel casing used as a drilling, injection, and structural component (Autor, 2019). 
 
 Primary treatment: if a steel pipe is used as a reinforcement structure, neat cement 
grout is pumped from the bottom of the inner diameter of the tube until the grout starts 
to flow at the head of the outer diameter of the tube (pile’s head). (Type A primarily 
treatment). Afterward, a tube with manchettes is inserted in the borehole for the post-
grouting phase. Conversely, if a steel mono bar or cage is used as a reinforcement 
structure, another grouting procedure can be performed. Grout is tremied from the tip 
of the pile until it starts to flow outside of the borehole. Then, the reinforcement bar or 
cage is placed with sleeved pipes connected to them (Figure 12); 
 Post-grouting phase (Type D): when the primary treatment has hardened 
(approximately 8 hours), similar grout is injected via a preplaced sleeved grout pipes 
(TAM). Post-grouting is performed by a double packer coupled to a grout mixer 
alongside a high injection helical rotor pump (Figures 15, 16, and 17). The high-pressure 
grout fractures the primary grout and wedges it outward into the ground mass enlarging 
the grout body. Several phases of injection are possible since they are spaced for a period 
time of 24 h. Pressures around 2.0 to 8.0 MPa is typical to be reached. Additionally, 
three or four phases of injection are common which can lead to a neat cement 
    51 
 
consumption of as much as 250% of the primary treatment volume. Therefore, grout-
to-ground bond capacity in the treated regions may be considerably improved. 
 
Figure 15 –– Use of PVC Tube as a TAM Postgrouting Method and its effects on the surrounding soil mass 
(FHWA, 2005). 
 
Figure 16 –– Use of Steel Reinforcement Pipe as a TAM Postgrouting Method and its effects on the surrounding 
soil mass (in the left) adapted from FHWA (2005). Details of a double packer (in the right) adapted from Mello 
(2018). 
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Figure 17 –– Cross-section of loop-type postgrouting system (FHWA, 1997). 
 
In summary, Figure 18 illustrates the conventional construction process of TAM Micropiles 
and Figure19 exhibits the construction process of the micropiles firstly studied by Barbosa 
(2019) and which will be object of this Master's Dissertation. 
 
Figure 18 –– Conventional executive process of TAM Micropiles (adapted from GUIMARÃES FILHO, 2004). 
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Figure 19 –– Optimized executive process of TAM Micropiles (adapted from BARBOSA, 2019). 
 
ii. ‘Tube-fix’ micropiles 
In the mid-1970s, in Italy, 'Tub Fix' Micropiles were designed to enhance the bearing 
capacity of the early “Pali Radice” (Root Pile). In this instance, high-capacity thick-walled steel 
tubes were used as reinforcement elements. Additionally, they have perforations and sleeves at 
their tip (bond region) which are diametrically opposed.  Basically, they are composed of a 
heavy steel pipe which could stand considerably high loads and also have substantial grout-to-
ground bond capacity since they are securely cemented to the soil via a Type D post grouting 
methodology (FHWA, 1997; LIZZI, 1993). 
In conformity with Lizzi (1993), the executive process of ‘Tub-Fix’ Micropiles is illustrated 
in figure 20 and attends the following steps: 
 Drilling: similar to the anchor pile drilling process; 
 Reinforcement: once the target depth is reached, a steel pipe is introduced 
(reinforcement tube with manchette valves at its tip); 
 Primary treatment: with the support of a single packer inside the tube and placed at 
tip of the borehole, neat cement is injected to fill the annular space between the ground 
and the pipe (similar to 2.3.2.2.1); 
 Postgrouting phase (Type D): the single-packer is replaced by a double-packer in the 
region of the valves. The manchettes are pressure grouted to form a large bulb in the tip 
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of the pile. Several phases of injection may be applied to increase grout/ground bond 
capacity, if necessary. 
 
Figure 20 –– Executive process of ‘Tub-Fix’ Micropiles (adapted from LIZZI, 1993). 
 
iii. ‘GEWI’ micropiles 
A ‘GEWI’ Micropile is a CASE 1 concept micropile that was developed in Germany by the 
DYWIDAG company. As reported by FHWA (1997),  the majority of foundation projects built 
in Germany in the mid-1970s which required a micropile solution were developed with the 
‘GEWI’ methodology.  
A ‘GEWI’ Micropile is considered a conventional micropile because they are drilled and 
grouted with small diameter (less than 12 inches or 31 cm). The main difference between the 
other types of micropiles and the “GEWI” methodology is the type of reinforcement to be 
applied. The reinforcement is either one or a group of high tensile strength DYWIDAG 
Threadbar. The service loads of these structures may reach loads of 300 to 800 kN in 
compression or tension in relatively small boreholes (FHWA, 1997).  Primary grouting 
treatment and postgrouting techniques are used to improve grout-to-ground bond capacity and 
to enhance micropile resistance against steel corrosion and buckling. It is noteworthy that the 
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same post-grouting system, as developed for the DYWIDAG bar anchor, is used for the GEWI 
Micropile (Type C methodology). 
Details of a performed ‘GEWI’ and its features can be observed in Figure 21 and 22. 
 
Figure 21 –– Details of an Axial Loaded GEWI Micropile. Grout protection only in the left and double corrosion 
protection on the right (FEDERAL HIGHWAY ADMINISTRATION - FHWA, 2005). 
 
 
Figure 22 –– Gravity grouted neat cement body (before postgrouting treatment) in the left. Neat cement grout 
body after postgrouting treatment in the right. 
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According to Neto Sadalla (1995) the executive process of ‘GEWI’ Micropiles is illustrated 
in figure 23 and attends the following steps: 
 Drilling: soil drilling is performed by rotary equipment (drill rod) with water 
circulation. In addition, a temporary casing is also introduced into the ground to stabilize 
the borehole walls, if needed. The resulting loose soil is brought to the surface along 
with water circulation between the drill rod and casing pipe; 
 Reinforcement and postgrouting tubes: after the drilling process either one or a group 
of two or three high tensile DYWIDAG bars is introduced into the borehole. These bars 
are incorporated with as much postgrouting independent tubes as is necessary (several 
phases of postgrouting treatment); 
 Primary treatment: after the group of bar(s) and tube(s) had been installed, the 
borehole is filled with neat cement grout by gravity process (Type A grouting method); 
 Postgrouting treatment (Type C): after the primary treatment, the first postgrouting 
tube line is pressure grouted at the top of the micropile to open the valves and form a 
bulb at a specific location. Several postgrouting tube lines may be installed so different 
horizons can be also treated. Additionally, the same postgrouting tube may be addressed 
several times in order to achieve the desired bond capacity between the grout and the 
surrounding soil. 
 
Figure 23 –– Executive process of ‘GEWI’ Micropiles (adapted from BARBOSA, 2019). 
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2.4. Effects of grouting injections on geotechnical bearing capacity 
As abovementioned, cast-in-place drilled micropiles have an executive process that causes 
considerable disturbances on the natural state of the ground. Soil disturbances such as releasing 
of the surrounding structure-soil stress and debris remaining at the tip will considerably reduce 
shaft and tip bearing resistance, respectively. This condition can be also applied to other 
geotechnical structures with similar behavior such as ground anchors, soil nailing and high 
diameter cast-in-place bored piles. In order to mitigate these issues and enhance geotechnical 
bearing capacity, grouting techniques have been successfully performed (BARLEY; 
WINDSOR, 2000; BAYESTEH; SABERMAHANI, 2018; BUSTAMANTE; DOIX, 1985; 
CHOI; CHO, 2010; COSTA NUNES, 1985; GOUVENOT; GABAIX, 1975; GUIMARÃES 
FILHO, 1984; NETO SADALLA, 1995; PÉREZ MORE, 2003; SPRINGER, 2006; WAN; 
DAI; GONG, 2018a, 2018b; ZHOU; XIE, 2019). 
Among the effects of the grouting techniques into the ground mass, there are at least three 
that must be highlighted: permeation grouting, compaction grouting and fracture grouting 
(VAN DER STOEL, 2001). The difference between them is reported by Salioni (1985), Costa 
Nunes (1985) and Van Der Stoel (2001), illustrated in Figure 24 and described as follows. 
 Permeation grouting: the grout is pumped into the soil to replace pore water or gas of 
the ground with grout. This procedure is performed at low pressures to avoid soil 
displacement or fracture. In this instance, the voids of the porous media are considered 
large enough to not restrain the grouting flow (non-cohesive or non-compacted soils). 
Therefore, there is not an alteration in soil volume or structure, i.e., only the porous 
media is fulfilled with cement grout. Additionally, this method may lead to an 
improvement in soil properties making it stronger and stiffer without large disturbance 
on the ground periphery. 
 Compaction grouting: unlike permeation grouting, compaction grouting aims to 
produce soil displacement via pressure grouting to compact the surrounding soil without 
its fracture (bulb formation). It is commonly used in soils with low permeability index 
since the grouting flow might not pass through the porous media of the ground (cohesive 
or compacted soils). Furthermore, this procedure can be used to reduce settlements 
and/or effective stress relaxation caused by drilled construction techniques; 
 Jet Grouting: is a high-energy speed grouting process that consists of the 
disaggregation of the soil mass with simultaneously mixing with neat cement. It is 
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commonly used to offer soil stabilization or reduction of permeability in underground 
structures. It also creates a soil-cement column with better soil resistance properties. 
 Fracture grouting: in this situation, the injection pressure reaches such high values to 
force soil to hydrofracture. Thus, the grout may percolate the easiest path, i.e., the course 
of the lowest resistance (along the fracture). This procedure is commonly used to 
prevent water percolation through dams foundation (MELLO, 2018). Figure 25 
illustrates grout planes generated by hydraulic fracturing and regions of permeation 
grouting in an inspection trench at Bambina’s hydroelectric power plant dam. 
 
 
Figure 24 –– Effects of the grouting techniques into the ground mass (adapted from VAN DER STOEL, 2001). 
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Figure 25 –– Inspection trench – PVC TAM with permeation grouting regions and grout planes generated by 
hydraulic fracturing (adpated from MELLO, 2018). 
 
It is noteworthy to state that according to the number of phases of grout injections and the 
target bond capacity, it is possible to achieve both permeation and compaction grouting effects 
when treating a specific soil horizon. This is the case of the above-described Type D grouting 
micropiles. The primary treatment within the initial phases of injection may percolate through 
the soil's porous replacing water and gas by neat cement grout. After the curing of the grout 
(approximately 8 hours), a post grouting injection is performed to induce stress in the reinforced 
soil mass resulting in mass displacement, and, therefore, the formation of a bulb. 
According to Costa Nunes (1985) and Branco (2006), grouting injections should be 
controlled in order to achieve better resistance properties from the ground as possible. In this 
instance, neat cement should be grouted at an optimum pressure resulting in both filling the soil 
pores and compacting it, without inducing soil hydrofracture due to high-pressure levels. 
Therefore, fracture grouting must be prevented as the cement scars made by it generally do not 
improve the foundation bearing capacity and it is also unproductive due to the high grout 
consumption (DRINGENBERG, 1990). Additionally, high pressures associated with soil 
fracture may influence the surrounding foundation structures (undesired settlements) or even 
trigger potential slip surfaces (BARLEY; WINDSOR, 2000). 
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It can be seen that different types of soils and different ground state conditions have a 
considerable influence on the response of the grout injections. As a result, Novais (2001), cited 
by Pérez More (2003), defined the Injectability Degree as being the influence of the 
postgrouting treatment on the mechanical properties of the soil. As reported by Pérez More 
(2003), the main effects of the Injectability Degree are: 
 Soil densification which will result in improvement of soil internal friction angle and 
soil/structure interface friction angle, i.e., there is an increase of normal stress on the 
soil/structure surface; 
 Soil treatment which will result in the replacement of water and gas in the soil’s voids 
by cement grout; 
At the origins of the ground anchor structures, these types of soil-structures were only viable 
on granular soils or fractured rocks (PÉREZ MORE, 2003). However, with the introduction and 
modernization of the injection systems such as tube à manchette, with several injection phases, 
it was observed that improvement of cohesive soil may also be reasonable (Table 2). 
 

























Compact Low High Medium Medium 
Fine sand Loose High Low Medium Medium 




High Low Medium Medium 
Clay Stiff Low High Low Low 
Silt Loose High Low Medium Medium 
Silt Compact Low High Low Low 
 
According to the table above, the effects of injections under pressure in anchored structures 
embedded in loose or soft soils can be different if they are performed in compact or stiff soils. 
For loose and soft soils, the injection of grout has a more relevant effect with respect to soil 
resistance enhancement (PÉREZ MORE, 2003). For this to occur, a considerable amount of 
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injected cement grout is required to fill the soil’s voids as well as for their consolidation and 
bulb formation. Several injection phases can be applied so that the previously treated and 
consolidated mass soil increases its reaction pressure, i.e., its confining stress over the anchored 
shaft is improved (GUIMARÃES FILHO, 1984). Based on Barley and Windsor (2000), the 
final anchor body, after postgrouting treatment on granular materials, may increase the initial 
bore diameter by typically 10% to 20%, depending on the number of the grouting phases and 
its compaction effects. 
On the other hand, soils with greater compacity or consistency tend to mobilize higher 
shearing strength over the soil/structure interface with lower relative displacement values. In 
other words, the treatment will require a high initial value of pressure so the manchette’s valves 
can open and then neat cement can be injected. As a result, lower values of injected grout will 
improve the lateral soil friction angle as well as the acting normal stress on the soil/pile 
interface. Therefore, high values of confining stress in compact and stiff soil can be achieved 
with minimum displacement which will result in a higher geotechnical capacity when compared 
to loose and soft soils (PÉREZ MORE, 2003). It is noteworthy to state that post-grouting can 
also improve grout-to-ground bond capacity in many weak rocks (limestone) as well as 
weathered and/or extremely fractured bedrock (BARLEY; WINDSOR, 2000). 
Regarding the pressure required to open the manchette valves (resulting in the cracking of 
the annular grout) and, afterwards, to maintain a regular grouting pressure over time (residual 
pressure), Santos et al. (1985), according to Yiomasa (2000) and Barbosa (2019), observed that 
in cases where the annulus grout had higher mechanical strength than the surrounding soil mass, 
the initial pressure reach a high peak, so the manchette rubber valve could open. After the 
rupture of the outside grout, the pressure decreased and remained constant during the injection 
process. Conversely, in the case where the mechanical resistance of the annulus grout was lower 
than the surrounding soil, the injection pressure reduction was not evidenced, i.e., after reaching 
the pressure to crack the annulus grout the injection pressure became constant. Figure 26 
illustrates the behavior just described. 
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Figure 26 –– Injection grout pressure values performed in Balbina Dam. For annulus grout more resistant than the 
soil mass (in the left). Otherwise, for annulus grout less resistant than the soil mass (in the right) (adapted from 
YIOMASA, 2000). Where Pr = Rupture pressure of the annulus grout; Pi = injection pressure. 
 
As stated by Guimarães Filho (1984), one of the main effects of grout injection into the 
ground mass is to increase the reaction tension that it applies to a certain underground structure. 
In his study, the author analyzed the effect of successive injection phases and their effects on 
the soil/structure interface in the construction of part of a tunnel in the city of São Paulo and 
the improvement of foundations in the city of Santos, both in the state of São Paulo, Brazil.  
According to the author, the increasing confining pressure on a given structure subjected to 
grout injections occurs from one phase to another. In the first stages of injection, especially in 
loose and soft soils, there is a consolidation of it, with part of the water expelled from its voids. 
In the following phases, with the soil already consolidated, the injection of cement grout 
permeates the canaliculi formed by the voids of the soil, structuring and compacting it, i.e., the 
soil increases its mechanical resistance due to its strengthening which may lead to an increase 
of the effective vertical stress inside it as well as the internal friction angle of the treated soil 
region. Additionally, there is also a friction enhancement at the ground-to-structure interface as 
the treated ground induces greater compression (confining stress/horizontal stress) on the 
surface of the structure when compared to the confining stress in a previous injection phase. 
Figure 27 indicates the increase of confinement stress as a function of successive injection 
phases. 
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Figure 27 –– Increase of confinement stress as a function of successive injection phases. (a) Consolidation of soft 
alluvial soil by grout injection for tunnel excavation in the city of São Paulo (b) Injection of grout into the base of 
a caisson foundation in the city of Santos, in a layer of fine medium compact sand clay, between a very soft marine 
clay and rocky surface (adapted from GUIMARÃES FILHO, 1984). 
 
Bustamante and Doix (1985) presented the effects of pressure-grouted injection on both 
ground anchors and micropiles to obtain an estimate of the improved bond resistance on the 
interface of ground and grout. Two injection methods called IGU (Injection Globale Unique, 
i.e., Single Global Injection) and IRS (Injection Repetitive et Selective, i.e., Repeated and 
Selective Injections) were used by the authors. The first method resembles the Types B and C 
grouting methods according to FHWA (2005) while the IRS resembles the Type D grouting 
method of the same code. According to them, repetitive and selective methods are more 
efficient in increasing lateral resistance. Figures 28, 29, and 30 show the evolution of the lateral 
resistance according to the type of injection for sandy and clayey soils as well as for weathered 
and fractured rocks. 
    64 
 
 
Figure 28 –– Increase of lateral resistance due to postgrouting effects for sands and gravels (adapted from 
BUSTAMANTE; DOIX, 1985). Where qs is the unit lateral resistance, and pl is the shaft grouting pressure. 
 
 
Figure 29 –– Increase of lateral resistance due to postgrouting effects for clays and silts (adapted from 
BUSTAMANTE; DOIX, 1985). Where qs is the unit lateral resistance and pl is the shaft grouting pressure. 
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Figure 30 –– Increase of lateral resistance due to postgrouting effects for weathered and fractured rocks (adapted 
from BUSTAMANTE; DOIX, 1985). Where qs is the unit lateral resistance and pl is the shaft grouting pressure. 
 
It is well known that traditional bored piles can cause soil decompression along the shaft 
due to its executive process (VELLOSO; LOPES, 2016). This process may cause horizontal 
stress relief which will lead to a decrease in the lateral earth pressure coefficient (K), i.e., such 
coefficient may be between its resting state (Ko) and its active state (Ka). This effect can be 
reduced if the period between the excavation phase and concreting the borehole is as fast as 
possible. Thus, in bored piles, K is equal to or less than the coefficient at rest (Ko). On the other 
hand, driven piles generally lead to soil improvement due to compaction or densification of the 
surrounding soil. In this instance, such phenomena may cause an increase in horizontal stress 
along the pile’s shaft which will lead to an increase in the lateral earth pressure coefficient (K), 
i.e., this coefficient will turn to a value between the resting state and the passive state (Kp). 
Thus, in driven piles, K is slightly higher than the coefficient at rest (VELLOSO; LOPES, 
2016). Typical values of K were suggested by Viggiani, Mandolini and Russo (2012) and is 
indicated as follows (Table 3). 
 






Displacement: steel H section 0.7 1.0 
Displacement: closed end pipe 1.0 2.0 
Displacement: precast concrete 1.0 2.0 
Displacement: cast in place concrete 1.0 3.0 
Intermediate presso drill 0.7 0.9 
Replacement drilled shaft 0.5 0.4 
CFA 0.6 0.6 
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Farouk (2009) simulated the development of the lateral earth pressure coefficient (K) in 
postgrouted micropiles performed in sandy soil using a finite element software (PLAXIS). 
Results of full-scale load tests performed in micropiles in Cairo, Egypt, were also used to verify 
and calibrate the finite element model. The author simulated several values of K in order to 
adjust the modeled load-displacement curve with the full-scale load test curve, starting with the 
lowest value (coefficient of lateral pressure at rest - Ko) for sandy soil and then increasing it in 
successive runs until achieving a good match between the curves. Based on Farouk (2009), the 
best fit was found with K equals to 2.75. In other words, the ultimate bearing capacity from the 
numerical analysis using K = 2.75 was very close to the field test results (Pultsimulation/Pulttest = 
92%). Figure 31 demonstrates the variation of the behavior of the load-displacement curves of 
a single micropiles using several values of K. Lastly, according to this study, postgrouted 
micropiles may develop higher values of K when compared to bored and driven piles, due to 
the effects of the postgrouting treatment on the grout-to-ground bond capacity enhancement. 
 
Figure 31 –– Load-displacement curves for finite element analysis using different values of Ko compared to 
experimental field test results (FAROUK, 2009). 
 
Jeon and Kulhawy (2002) evaluated 21 micropiles (Types B, C and D) submitted to 
compression and tension load tests as well as under both drained and undrained conditions. For 
side resistance, the authors observed that because of the pressure grouting during micropile’s 
construction, the stress factor (K/Ko) increases in the range of 1.5 to 6 while for conventional 
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drilled shaft foundation this factor is equal to 1.0 (JEON, 2004). It is worth noting that K/Ko 
represents the change in the in-situ stress by the construction method, i.e., it is based on the 
good-quality construction of a deep foundation element (JEON, 2004). 
One of the first studies on the influence of the grout injection pressure on the geotechnical 
loading capacity of piles was published by Gouvenot and Gabaix (1975). In this work, full-
scale load tests were performed on steel tube piles with two phases of postgrouting treatment. 
The piles were reinforced with a steel pipe tube with a 508 mm diameter. It is worthy to note 
that the final diameter (annulus grout plus steel pipe tube) was approximately 660 mm.  A total 
of six piles were tested, three in sandy soil and three in clayey soil (Figure 32). The piles 
performed in sandy soil had a total length of 24 m, of which 12.5 m were grouted. On the other 
hand, the piles installed in clayey soil had a total length of 40 m, of which 7 m were grouted. 
 
Figure 32 –– Section and details of the piles tested (GOUVENOT; GABAIX, 1975). 
 
The injection device used in the piles was similar to the current tube-à-manchette 
technology. Figure 33 illustrates its key features. 
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Figure 33 –– Features of the injection device - Soletanche Patent (GOUVENOT; GABAIX, 1975). 
 
Among the six tested piles, four of them were submitted to pull-out tests while the other 
two were submitted to compression tests. For the piles submitted to pull out tests, a preliminary 
load test was performed in each injection phase with the purpose of analyzing the postgrouting 
treatment improvements on the geotechnical bearing capacity of them. Thus, the script followed 
by the author is described below: 
 After excavation and placement of the reinforcement steel tube, the first treatment was 
performed, i.e., neat cement grout was pumped (without pressure) from the bottom up 
to fill the pile’s sheath (annulus grout); 
 After the first treatment, the piles were subjected to the first load test, called E0; 
 With the end of the load test, the first phase of postgrouting treatment was performed. 
This phase was called I1; 
 After the first grout injection phase, the piles were subjected to a new load test, called 
E1; 
 The last postgrouting treatment was performed (I2) and, posteriorly, the last load test 
(E2). 
 
The summary of the test procedure and the details of the injection data can be observed 
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Table 4 – Summary of the test procedure (adapted from GOUVENOT; GABAIX, 1975). 
Pile number A1 A2 A3 B1 B2 B3 
Grouting 
state 
I0 I1 I2 I2 I2 I0 I1 I2 I0 I1 I2 I2 I2 I0 I1 I2 
Type of test 
carried out 



































Note – I0 = the space between the pile and bore-hole is filled with grout by gravity – primarily treatment; I1 = first 
phase of postgrouting treatment; I2 = second phase of postgrouting treatment; E0 = first static load test; E1 = 
second static load test; E2 = last static load test; p.o. = pull-out test; cpr. = compression test. 
 







I1 I2 TOTAL 
A B C A B C A C 
A1 Sand 12.5 17.7 25 to 30 1.4 32.1 30 to 40 2.55 49.8 3.95 
A2 Clay 7.8 - - - 26.45 20 to 50 3.4 26.45 3.4 
A3 Sand 9.5 31.5 12 to 30 3.3 7.6 50 to 80 1.25 39.1 4.1 
B1 Clay 7.4 19.7 20 to 30 2.65 5.4 50 to 80 0.73 25.1 3.38 
B2 Sand 13.4 - - - 25.6 15 to 30 1.9 25.6 1.9 
B3 Clay 7.4 18.8 20 to 50 2.55 11.25 50 to 100 1.7 30.05 4.23 
Note – A = Quantity injected in tons; B = Mean grout pressure at the end of grouting in bars; C = Quantity injected 
per meter of grouted length in tons. 
 
From Table 5 it can be observed that the values of the mean grout pressure at the end of the 
postgrouting treatment increased from phase I1 to phase I2. As abovementioned and in 
accordance with Guimarães Filho (1984), the soil around the treated region (bond length) may 
have consolidated and, therefore, an increase of confinement stress over the pile structure may 
have occurred. 
The tests conducted by Gouvenot and Gabaix (1975) also have shown an increase of about 
2.0 times the capacity of a pile sealed only with gravity grout (E0 static load test). Results from 
a pile tested in sandy soil (A1) and a pile tested in clayey soil (B1) in terms of load x 
displacement curves are illustrated in Figures 34 and 35, respectively. 
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Figure 34 –– Results of tests on pile A1 (performed in sand) (GOUVENOT; GABAIX, 1975). 
 
 
Figure 35 –– Results of tests on pile B1 (performed in clay) (GOUVENOT; GABAIX, 1975). 
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Lastly, Figures 36 illustrates the axial distribution along the depth of the micropile A1, 
performed in sand. It is also possible to observe the increase of lateral resistance from one phase 
of postgrouting treatment to another. Considering the ultimate load conducted by the last 
treatment, the lateral resistance increased from 72 kPa (first load test – E0) to 140 kPa (from 
the last test - E2), approximately. 
 
Figure 36 –– Axial distribution on pile A1 (GOUVENOT; GABAIX, 1975). 
 
Neto Sadalla (1995) and Neto Sadalla, Bernardes, and Alencar (1996, 1998) studied the 
behavior of three postgrouted micropiles, one of which received only the primary treatment 
(P1), i.e., no injection through the manchettes was performed. Thus, this pile served as a 
parameter to evaluate the geotechnical capacity improvement when compared to the others. The 
piles were performed in silty sand soil with a final diameter of 150 mm (annulus grout plus 
reinforcement), a total length of 6 m and reinforced with a steel tube of 63.5 mm endowed with 
rubber sleeves valves. In other words, the same tube used to perform the grout injections was 
used as the reinforcement of the micropile. Additionally, strain gauges were installed in a 15 
mm diameter steel bar which was inserted into the micropile’s body in order to analyze the 
soil/structure load transfer. Figure 37 summarizes the construction steps of the instrumented 
micropiles. It should be noted that the water/cement ratio used in this study was 0.5. 
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Figure 37 –– Construction phases of the instrumented micropiles (NETO SADALLA, 1995). 
 
As it can be seen from the figure above, the TAM steel tube has 5 valves along its length, 
and they are 1.0 meter apart. During the postgrouting treatment of one of the piles (P2), only 
the superficial valves (first and second) could be opened with an equivalent volume of 25 kg of 
cement per manchette pressure injected. According to the author, this fact probably occurred 
because of the time period between the primary treatment (gravity grout) and the postgrouting 
injection phase (approximately 72 h). This led to a significant increase in the neat cement 
strength which added to the horizontal stress provided by the adjacent soil, restrained the 
opening of the deeper sleeve valves. Conversely, as soil confinement is smaller on the surface, 
it was possible to crack the annulus grout with the grout pressure injection and, therefore treat 
the superficial soil. 
From the previous experience from the execution of P2. the third pile (P3) was performed 
with a shorter period between the primary treatment and the postgrouting injection phase (24 
hours). As a result, all manchettes were successfully opened with an equivalent volume of 50 
kg per manchette pressure injected. All load test results are presented in Figure 38. 
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Figure 38 –– Micropiles load test results (NETO SADALLA, 1995). 
 
According to the load test results conducted by Neto Sadalla (1995) the third micropile (P3) 
developed a total geotechnical bearing capacity of about 2.4 times greater than the micropile 
which was only primarily treated (P1). Additionally, the second micropile (P2) increased its 
geotechnical capacity by 1.6 times when compared with P1. It can also be observed that for a 
head pile’s total displacement of 1.0 mm, P1 was able to mobilize an equivalent load of 
approximately 60 kN while P2 mobilized 120 kN and P3 reached a total load of 170 kN. In 
other words, the postgrouting treatment enhanced the stiffness condition of micropiles P2 and 
P3. Additionally, when comparing the average lateral resistance developed by the micropiles 
the author demonstrated that: 
 At the load of 100 kN at the pile’s  head, the average lateral resistance along the piles 
was: qs_1 = 54.97 kPa; qs_2 = 116.72 kPa and qs_3 = 151.91 kPa; 
 For micropile P2 the maximum average lateral resistance was equal to 189 kPa 
considering the maximum load applied (150 kN) while for micropile P3 was equal to 
197 kPa with a total load of 250 kN. 
 
Therefore, Neto Sadalla (1995) concluded that postgrouting injection was the main factor 
to increase lateral resistance and the geotechnical capacity of the micropiles as well as the 
amount of cement pressure injected. The axial load distribution of each pile is illustrated on 
Figure 39. It is important to note that according to the micropile classification used by the 
FHWA (2005), micropiles P2 and P3 may be considered as a Type D while micropile P1 as a 
Type A. Lastly, all micropiles had their surroundings excavated in order to verify their final 
diameter. The author noted a significant increase in pile diameter due to the injection process 
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(about 200% diameter of the drilled borehole), which may have contributed to improve the 
lateral resistance. 
 
Figure 39 –– Micropiles axial load distribution (NETO SADALLA, 1995). 
 
Zirlis, Pitta and Souza (2003), cited by Ortigao and Sayao (2004), presented a study on the 
influence of the number of injections phases on the pullout load resistance of soil nails in low 
competence soils (clays and porous silts) in São Paulo, Brazil. The author concluded that soil-
grout shear strength increased by 100 to 120% over gravity-only injected nails. A similar study 
was conducted by Springer (2006), in Rio de Janeiro, Brazil, where the author studied the 
influence of the number of injections on the pullout load resistance of soil nails performed in 
gneiss residual soil with: (1) only one global injection, corresponding to annulus grout filling, 
and (2) with a postgrouting injection phase with pressures of about 0.5 MPa. In the case of soil 
nails performed with two injections (primary treatment plus postgrouting phase), the ultimate 
pullout load was 23 to 38% higher compared to nails that have only been injected globally. 
Han and Ye (2006) presented a study of the behavior of four Type B micropiles (MP1, MP2, 
MP3, and MP4) constructed on clayey soil. To analyze the behavior of the micropiles, four load 
tests were performed, two under compression loads (MP1 and MP3) and two under tension 
loads (MP2 and MP4). The micropiles were 8 m long with a nominal diameter of 150 mm and 
were instrumented with vibrating strain gauges attached to the reinforcing cage. The grouting 
method performed in the construction were similar to the Type B method according to FHWA 
(2005) and the Root methodology based on the NBR 6122/2019. Moreover, the cement/grout 
ratio used in this work was 0.5. 
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From the analysis of the results of the load tests and instrumentation, Han and  Ye (2006) 
observed that the maximum lateral resistance value developed in the micropiles tested under 
compression loads was 19% to 59% higher than the estimated maximum limit for bored 
concrete piles according to the upper values suggested by Shanghai Municipal Building Design 
Institute (1989). Conversely, the micropiles tested under tension loads was 4% to 10% lower 
than the upper value. The average developed lateral resistance in the micropiles and the 
comparison with the Shanghai Standard Foundation Design Code (DBJ08-11-89) are presented 
in Table 6. 
 
Table 6 – Comparison of measured average ultimate lateral resistance with typical values for bored concrete piles 
in the Shanghai Standard Foundation Design Code (adapted from HAN; YE, 2006). 
















MP1 26.2 - 22.0 1.19 - 15.0 1.75 - 
MP2 - 21.2 22.0 - 0.96 15.0 - 1.41 
MP3 34.9 - 22.0 1.59 - 15.0 2.33 - 
MP4 - 19.9 22.0 - 0.90 15.0 - 1.33 
Note –    , average lateral resistance from compression tests;    , average lateral resistance from tension tests; 
  _     , upper-bond lateral resistance (DBJ08-11-89);   _      , lower-bound lateral resistance (DBJ08-11-89). 
Units in kPa. 
 
Choi and Cho (2010) studied the behavior of Type A and C micropiles. The first one was 
performed with threaded-bar reinforcement with an outside diameter (OD) of 50 mm and a 
yield strength of 500 MPa (Figure 40). Additionally, the Type A micropile was constructed as 
follows: (1) drilling process with a temporary steel casing in order to avoid soil collapse (2) 
placing of threaded-bar reinforcement and (3) injecting gravity grout (with water-cement ratio 
of 45%) from the bottom up with the temporary casing withdrawal. The second one was 
performed with a hollow steel-smooth pipe reinforcement with a OD of 82.5 mm, an thickness 
of 11 mm and a yield strength of 482 MPa (Figure 41). Moreover, the Type C micropile 
construction procedures consisted in: (1) drilling with temporary steel casing (2) primary 
treatment grout in order to fill the borehole completely (3) inserting the steel-smooth pipe 
reinforcement with grouting hoses coupled and (4) pressure grouting via grouting hoses placed 
in different soil horizons (postgrouting treatment). 
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Figure 40 –– Type A micropile’s details performed by Choi and Cho (2010). 
 
 
Figure 41 –– Type C micropile’s details performed by Choi and Cho (2010). 
 
Both types of micropiles were constructed in two different sites in order to compare shaft 
resistance mechanisms and geotechnical load capacity. For the first site, the micropiles were 
built with total length of 8 m. It was located in Seoul, Korea and according to the site 
investigation (SPT), the ground was formed by loose silty sand. This site was chosen with the 
purpose to analyze the effect of pressure grouting technique on weak soil. For the second site, 
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the micropiles were constructed with a target depth of 14.5 m, with 2.4 m socked in rock. It was 
located in Jeonju, Korea and based on the site investigation the ground was formed by silty sand 
which compacity increased through depth until reaching the bedrock layer. Table 7 and Figure 
42 present the ground conditions and the SPT-N values of the sites, respectively. 
 
Table 7 – Ground conditions of two site tests (CHOI; CHO, 2010). 
Test Site Location Pile Length 
Ground description along pilling 
depth 
Site 1 Seoul, Korea 8m 
0-4.5m: Fill, Loose silty sand 
4.5-8.0m: Native deposit, Loose silty 
sand 
Site 2 Jeonju, Korea 14.5m 
0-2.8m: Fill, Loose silty sand, and 
gravel 
2.8-10.6m: Native deposit, Medium to 
dense silty sand and gravel 
10.6-13.0m: Weathered layer, Very 
dense silty sand 
13.0-14.5m: Rock, RQD 81% 
 
 
Figure 42 –– SPT-N values for each site analyzed. Site 1 on the left and Site 2 on the right (CHOI; CHO, 2010). 
 
Field load tests were performed in order to analyze the load versus displacement curves as 
well as the load transfer behavior of the micropiles. It is worthy to note that both types of 
micropiles were instrumented with strain gauges distributed along its length. According to the 
load vs. displacement curve of the Site Test 1. the authors observed that the Type C micropiles 
performed an ultimate bearing capacity of about 200% of the geotechnical capacity of the Type 
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A micropile. Moreover, for Site Test 2 conditions, they observed that Type C micropiles 
developed an ultimate bearing capacity of approximately 120% greater than Type A micropiles. 
Figure 43 illustrates the development of the load vs displacement curves of the Site 1 and Site 
2 load, respectively. 
 
Figure 43 –– Load vs. displacement curves for the two types of micropiles. Test Site 1 on the left and Test Site 2 
on the right (CHOI; CHO, 2010). 
In consonance with the load transfer behavior of the micropiles performed in the Test Site 
1 (Figure 44) and the analyses of the unit bond strength distribution along with the pile's depth 
when the ultimate loading was being applied (Figure 45), Choi and Cho (2010) concluded that 
Type C micropiles developed a higher lateral resistance when compared to Type A micropiles. 
In other words, postgrouting treatment procedures during the installation of the Type C 
micropiles enabled the soil to establish an enhanced grout-to-ground bond capacity and, 
therefore, led to an increase of the lateral confinement on the micropile shaft surface. 
 
 
Figure 44 –– Load transfer behavior for the two types of micropiles in Site Test 1. Type A in the left and Type C 
in the right (CHOI; CHO, 2010). 
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Figure 45 ––  Development of the unit lateral resistance along with the pile’s depth in the ultimate loading at the 
Site Test 1. Type A in the right and Type C in the right (adapted from CHOI; CHO, 2010). 
Bayesteh and Sabermahani (2018) performed 24 full-scale self-drilled injected micropiles 
(Type B) in order to evaluate the grout-to-ground bond capacity based on three time-dependent 
methods of grout injection. Additionally, the micropiles were implemented in two different site 
conditions with the purpose of examining their behavior according to the soil type. The first 
one (Site 1) was classified as clayey soil and the second one (Site 2) as sandy gravel to gravelly 
sand soil. Among the load tests performed, twelve were carried out with compression loads and 
twelve with tension loads. The micropile was formed by a threaded hollow bar that worked as 
a steel reinforcement component and also as a drilling rod and grout conduit (Figure 46). The 
simultaneous drilling grouting method was performed in order to provide grout circulation in 
the borehole as well to ensure grout mixing with the surrounding soil. The water/cement ratio 
used in this work was 0.5 with a grouting pressure of 0.7 MPa. 
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Figure 46 –– Details of drilling and grouting equipment (BAYESTEH; SABERMAHANI, 2018). 
 
The methods of installation performed by the authors are described below and illustrated in 
Figure 47: 
 Method 1: it consisted of a traditional simultaneous grouting injection technique until 
the target depth “L”. After reaching it, grouting continued to be injected for more 15 
minutes; 
 Method 2: it consisted of a multiphase grouting operation in which the total piles’ length 
“L” was equally divided into three parts (L/3). Phases one and two had a drilling and 
grouted process for a period of 5 minutes in which a third of the pile was executed in 
each phase. Conversely, in the last phase, the last third was simultaneously grouted and 
drilled for a period of 10 minutes; 
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 Method 3: it was similar to Method 2 with one difference; when a third of the pile’s 
length would have been completely drilled and grouted, the drilling process would stop, 
and the grouting would continue for a period of 5 minutes. 
 
 
Figure 47 –– Time-dependent grouting operation (BAYESTEH; SABERMAHANI, 2018). 
 
From the results of the load tests, Bayesteh and Sabermahani (2018) concluded that the 
micropiles executed by Methods 2 and 3 generally had higher geotechnical load capacity 
(Figures 48 and 49). This fact can be explained by the longer grouting time in which these 
structures were submitted resulting in lateral resistance improvement. Additionally, such piles 
showed higher stiffness when compared to the micropiles performed with Method 1. in both 
types of soil (Figure 50). Therefore, a longer period of grouting can also improve the elastic 
behavior of the micropiles. 
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Figure 48 –– Effects of grouting method on tension performance of 9 m length micropiles. Red curves associated 
with sandy gravel soil and black curves associated with clayey soil (BAYESTEH; SABERMAHANI, 2018). 
 
 
Figure 49 –– Effects of grouting method on compression performance of 15 m length micropiles in clayey soil 
(BAYESTEH; SABERMAHANI, 2018). 
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Figure 50 –– Effect of grouting method on compression stiffness of micropiles (adapted from BAYESTEH; 
SABERMAHANI, 2018). 
 
2.5. Considerations of single micropile design 
The load capacity of a micropile is obtained with the lowest value between the structural 
resistance of the pile’s material (or internal resistance) and the geotechnical capacity (or 
external resistance). The evaluation of the structural capacity of the material or composite 
occurs by determining the strength of the pile’s cross-section area (grout and reinforcement). 
Such resistance is basically a function of the strength of the materials involved, their area and 
the compatibility of deformations between them. On the other hand, the evaluation of the 
geotechnical capacity requires an adequate determination of the bond capacity between the 
grout/soil interface and the stress state of the ground before and after the micropile’s 
construction (ALONSO, 2012; BARLEY; WOODWARD, 1992; FEDERAL HIGHWAY 
ADMINISTRATION - FHWA, 2005; JURAN et al., 2016). 
The micropile’s behavior under axial loads is mainly governed by the structural capacity of 
the foundation element, unlike conventional piles whose most fragile link is usually the 
geotechnical capacity (JURAN et al., 2016). The reason is that micropiles have a small diameter 
and are usually formed by grout (neat cement or mortar) whose structural resistance is lower 
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than the concrete used in conventional piles. Therefore, special steel reinforcement with high 
mechanical strength is used so that the absorption of higher loads with the lowest associated 
deformation would be possible. Additionally, high grout-to-ground bond capacity is usually 
mobilized due to postgrouting techniques which will lead to both (1) an enhancement of the 
pile’s stiffness and (2) a decrease of the overall deformation under loading. Consequently, as 
the micropile load transfer mechanism is governed mainly by friction and the mobilization of 
lateral resistance is of the order of 20 to 40 times less than those required to develop end bearing, 
the design load will be attained with lower settlements when compared to traditional piles 
(JURAN et al., 2016).  
Hence, in order to obtain the load capacity, a failure criterion that meets both the ultimate 
limit state and the service limit state of the structure must be established. The first is related to 
the depletion of the resilient capacity of every structural element through checks of failure 
capacity, elastic instability, and buckling while the second is regard to excessive deformation 
of the ground mass, i.e., excessive settlements (BRANCO, 2006). 
Geotechnical design considerations describing current methods for estimating the ultimate 
axial capacity as well as the internal design considerations such as structural capacity for both 
types of axial solicitation (tension and compression loads), elastic modulus, deformation 
compatibility, and buckling will be described in this section. Furthermore, the details of load 
transfer behavior regarding traditional piles and micropiles will be summarized. 
 
2.5.1. Geotechnical design of micropiles 
2.5.1.1. Fundamentals of single pile behavior under compression loads 
In order to understand the behavior of a single pile from the initial load stage until its failure 
it is fundamental to study the mechanics of pile/soil load transfer, i.e., the interaction between 
ground and structure interface and, therefore the load dissipation between them (VELLOSO; 
LOPES, 2016). 
The load transfer mechanism in the soil-pile interface occurs by balancing the requesting 
and resisting forces through the structure surface embedded in the ground. In this instance, the 
soil absorbs part of the normal force acting at the pile’s head decreasing its value with depth 
(NOGUEIRA, 2004). Therefore, part of the axial compression load will be carried by shear 
resistance developed throughout the shaft and part by normal stress developed at the toe’s base 
of the pile (ALONSO, 2012; FLEMING et al., 2009; VELLOSO; LOPES, 2016). 
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Cintra and Aoki (2010) simplified the mechanics involving the load transfer behavior in a 
generic loaded single pile. According to it, at the beginning of a given loading, there is a partial 
mobilization of lateral resistance along the shaft. The magnitude of the mobilized lateral 
resistance is a function of the geotechnical characteristics of the different deep soil layers. By 
increasing the loading values there is a gradual mobilization of the lateral resistance of all layers 
until it reaches a maximum value (qs). If the loading continues to grow, there will be a gradual 
mobilization of the tip resistance. By reaching the maximum tip resistance (qt), with maximum 
lateral resistance already been saturated, the pile would mobilize all its geotechnical resistance 
(qu).  As a result, this will cause the pile to move incessantly downwards characterizing a clear 
geotechnical failure. Figure 51 illustrates the progressive mobilization of the geotechnical 
resistance of a conventional pile foundation. 
 
Figure 51 –– Progressive mobilization of the geotechnical resistance of a conventional pile foundation (adapted 
from CINTRA; AOKI, 2010). Note: L = pile’s total length; P1 = compression load; P2 = maximum compression 
load resisted by the soil/pile element; qs = geotechnical lateral resistance, shaft resistance, skin friction or grout-
to-ground bond strength; qt = geotechnical tip resistance. 
 
Thus, the ultimate geotechnical load capacity (Qu) is characterized by the maximum 
reaction available from the ground (maximum lateral and tip resistance) to resist the 
compressive force (P) applied to an isolated foundation element. Its value is estimated from the 
sum of the lateral and friction components according to the equation below: 
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    =    +    [1] 
 
Qs can be rewritten as a function of the pile lateral area (As) multiplied by the laterally 
mobilized maximum lateral resistance (qs) while Qt can be rewritten as a function of the pile tip 
area (At) multiplied by the normal mobilized tip resistance (qt) (DÉCOURT; ALBIERO; and 
CINTRA, 2016). 
    =    ×    +    ×    [2] 
 
It is noteworthy that for each load increment there is a deformation associated with a 
resistance increment. This phenomenon repeats until the full mobilization of the geotechnical 
capacity of the pile. Figure 52 didactically demonstrates the complete behavior of a hypothetical 
slender pile under four loading stages, the last one being equivalent to its geotechnical failure 
(VELLOSO; LOPES, 2016). 
 
Figure 52 –– Hypothetical behavior of a slender pile submitted to compression load stages (a) diagram of 
settlement vs depth (b) diagram of unit lateral resistance vs depth (c) diagram of axial load dissipation along the 
shaft (d) shaft load – settlement relationship (e) tip load – settlement relationship (f) total load at pile’s head vs 
settlement relationship (adapted from VELLOSO; LOPES, 2016) Note: Q = applied load; QT = tip load; QS = shaft 
load; qs = unit lateral/shaft resistance; w = displacement/settlement; qs,f = unit lateral resistance at the final load 
stage; z = pile’s depth. 
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In Figure 52.a, it is possible to observe the ability of the pile to shorten elastically, i.e., 
slender piles subjected to early loading stages develop displacements only at the top of it. With 
the elevation of the load in the next stages there is a tendency to fully mobilize all lateral 
resistance (Figure 52.b). In other words, lateral resistance is mobilized from top to bottom as a 
function of the increased load, the ground resistance, and the elastic behavior of the pile material 
(Figure 52.b). It is also possible to observe that the total load capacity mobilized by lateral 
resistance is achieved with smaller pile settlements compared to the tip load capacity 
(FLEMING et al., 2009; FELLENIUS, 2019). Cintra and Aoki (2010) reported that from 
experimental observations it is possible to verify that the lateral resistance in any type of pile is 
fully mobilized with reduced values of displacements (around 5 to 10 mm). Conversely, full tip 
resistance mobilization involves displacement values around 10% of tip diameter for driven 
piles and up to 30% of tip diameter for bored piles. As a result, it is possible to note that in 
Figure 52.c the early load stages (load phases 1 and 2) are fully absorbed by lateral resistance 
while the next stages there is a combination of lateral and tip resistance been mobilized (load 
phases 3 and 4). Lastly, Figure 52.f illustrates the load-displacement curve at the pile’s head 
which is a composition of the shaft and tip load-displacement curves (VELLOSO; LOPES, 
2016). 
Load transfer mechanisms from the structural element to the ground is a complex 
phenomenon that depends on several factors such as: soil type, stress state before and after the 
installation of the foundation element, pile’s material strength and deformation characteristics, 
pile’s installation method, the period between the pile installation and the construction phases, 
the intensity, speed, and type of pile loading solicitation (FHWA, 1997; NOGUEIRA, 2004). 
When it comes to micropiles, substrate permeability has also a significant effect on axial 
load mobilization. Grain size and porosity are related to the penetrability of grout into the soil. 
Soils with a permeability ratio of 10-3 to 10-4 (sands, gravels, and fractured rocks) have a better 
grout percolation through their pores (FHWA, 2017). On the other hand, according to this code, 
cohesive soils (clays, silt, and fine sands) have a permeability ratio lesser than 10-5 resulting in 
poorly grout percolation into the soil. In the latter case, the grout, when injected under pressure, 
provides local compaction of the surrounding soil. Thus, high injection pressures will induce a 
larger ground grout percolation radius and / or will lead to an increase in effective ground 
stresses. As a result, there will be an improvement in the mechanical properties of soil/pile 
interface with a significant increment of micropile axial geotechnical bearing capacity. 
The load transfer from a micropile foundation to the surrounding soil takes place mainly 
through lateral resistance, especially for service loads (CARVALHO et al., 1991; 
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CARVALHO; CINTRA, 1993; POLIDO; CASTELLO; ALLEDI, 2000; FRASSETO, 2004; 
JEON; KULHAWY, 2002; NOGUEIRA, 2004; RUSSO, 2004; PASCHOALIN FILHO, 2008). 
Furthermore, studies demonstrating this behavior were cited in the section 2.4 (GOUVENOT; 
GABAIX, 1975; NETO SADALLA, 1995; CHOI; CHO, 2010). With regard to micropile’s 
settlement, Carvalho and Cintra (1993) and Silva and Cintra (1994) observed that the expected 
settlement in Type B and D micropile’s, respectively, is around 5 to 10 mm for the workload 
and also either little or non-mobilization of tip resistance were noted. For loads above the work 
load, the tip resistance may reach values up to 15% of the ultimate geotechnical load depending 
on the effectiveness of the construction process (HAN; YE, 2006; POLIDO; CASTELLO; 
ALLEDI, 2000; QIAN; LU, 2011; VIGGIANI; MANDOLINI; RUSSO, 2012). 
Since these piles are relatively flexible, i.e., have a high length/diameter ratio (slender piles), 
they experience larger displacements near the pile’s head, mobilizing the maximum lateral 
resistance progressively from top to tip. As a result, the movement due to axial loading is 
controlled by both (1) the elastic modulus of the micropile’s internal structure (grout and 
reinforcement) and (2) the load transfer mechanism (FRASSETO, 2004). Finally, according to 
Bruce, Bjorhovde and Kenny (1993), Polido, Castello and Alledi (2010) and Abd Elaziz; El 
Naggar and Abd elaziz (2014) as grouted micropiles have small cross-section area when 
compared with traditional piles, development of end bearing may suggest the beginning of 
micropile failure. 
The length of the micropile that is bonded to the ground and used to transfer the applied 
axial loads to the surrounding soil or rock is called Bond Length or Bond Zone (FHWA, 2005). 
Micropiles can be designed fully bonded along their entire length or partially bonded (Figure 
53) (FHWA, 1997). In the latest case, the load transfer from the micropile to the surrounding 
ground may only take place at the competent soil/rock layers located in the deepest horizons. 
Additionally, a casing is used through upper soft soils to prevent any negative lateral resistance 
effect or ground collapse into the borehole. In other words, load transfer through the upper 
soft/weak layer is neglected and, therefore, the geotechnical bond capacity is evaluated only in 
terms of the bonded zone, similar to the behavior of ground anchors (FHWA, 1997, 1999; 
FRASSETO, 2004). This design philosophy usually leads to an over-conservative design which 
results in overestimating micropile's head movement under axial loadings. 
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Figure 53 –– Typical load-transfer curves from a fully bonded (on the right) and a partially bonded (on the left) 
steel micropile (adapted from LIZZI, 1982). 
 
 Lizzi (1981), Lizzi (1982) and Kenny, Bruce and Bjorhovde (1993), cited by FHWA 
(1997), demonstrated that since the majority of micropiles are designed fully bonded into the 
ground, significant load transfer is mobilized in the soft/weak soil layers. Therefore, according 
to the authors, the movement of a fully bonded micropile can be significantly smaller than that 
of partially bonded micropiles (Figure 54). It is noteworthy to observe that for both types of 
bonded lengths considerations (Figure 53), neither of them mobilized considerable values of tip 
resistance even embedded into competent strata. 
 
Figure 54 –– Load tests on a fully bonded micropile (Palo Radice) and partially bonded steel pipe micropile 
(adapted from LIZZI, 1982). 
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Gómez, Cadden and Bruce (2003) studied the behavior of an instrumented micropile 
subjected to compression loads embedded into diabase rock. The test pile was a fully bonded, 
Case 1, Type A micropile, according to FHWA (2005). It consisted of a 177.8 mm outer 
diameter tube inserted into a 219 mm diameter pre-borehole. Neat cement grout was used to fill 
the borehole with limited pressure. The water-cement ratio used in this study was 0.5. The 
performed micropile was 7.6 m long with 4.3 m rock socket into diabase rock. The upper layers 
consisted of high plasticity residual soil composed mainly of clay and silt (approximately 3.3 
m). Figure 55 illustrates the micropile configuration. 
 
Figure 55 –– Instrumented micropile configuration embedded into diabase rock (GÓMEZ; CADDEN; BRUCE, 
2003). 
 
The micropile did not achieve geotechnical failure and reached a maximum value during 
the load test of approximately 2700 kN associated with a pile head deformation of about 10 mm 
(Figure 56.a). According to the axial load dissipation plot along the pile’s length (Figure 56.b), 
it can be observed that for an applied load of 1000 kN (220 kip) or less, almost all of it was 
transferred by friction to the surrounding residual soil (Segment 1). For loads greater than that, 
although, axial load dissipation increased substantially through the rock socket of the micropile 
(Segments 2 and 3). Furthermore, the authors observed that tip resistance was insignificant. 
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Figure 56 –– (a) Load test results (b) Dissipation of axial load along the pile (GÓMEZ; CADDEN; BRUCE, 
2003). 
 
From Figure 57, which illustrate the mobilized bond strength along the pile, the authors 
noted that the first segment (consisting of diabase residual soil) had a bond strength peak value 
of 400 kPa and a post-peak value of 280 kPA. In the second segment, corresponding to the 
upper part of the diabase rock, the bond strength reached a value of 700 kPa reducing to a value 
of 480 kPa at the last load stage while in the third segment there was no reduction of the bond 
strength, reaching a maximum value approximately 900 kPa.  According to the authors, the 
total separation between the micropile and the soil/rock was not observed during the test since 
the grout-to-ground interface retained significant shear strength after the peak reduction. It is 
noteworthy that the complete physical separation of two sides of an interface is also called 
debonding effect and is usually accompanied by full loss of shear resistance (CADDEN et al., 
2004). Finno et al. (2002) reported this effect at the interface between the steel tube and the 
grout during load tests on short micropiles in dolomite rock. Based on them, failure along the 
steel tube-grouting interface was confirmed from exhumed micropiles while the rock-grout 
interface was intact. 
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Figure 57 –– Mobilized bond stresses along the micropile (GÓMEZ; CADDEN; BRUCE, 2003). 
 
Holman and Barkauskas (2007) studied the mechanics of micropile performance in order to 
elucidate the complexities of this type of foundation. In this paper, the authors analyzed three 
strain gauge-instrumented micropiles (Type B) in two different site conditions, all of them were 
submitted to compression load tests. In the first site (Dublin Road site), the performed micropile 
(DR) had a total length of 21.3 m, with 13.7 m of 194 mm outside diameter steel pipe casing 
left in place, resulting in a bond length of 7.6 m. Grout volumes injected into the pile at the 
pressure grouting stage were used to estimate the bond zone diameter in order of 254 mm. 
Additionally, an external casing was installed to avoid any frictional resistance between the 
steel pile casing and the surrounding soil above the bond length. Strain gauges (SG) were 
specified along the bond zone for the test micropile and they were installed in a centralized 
reinforced bar.  
The micropiles analyzed in the second site (Johnson Street Residential site) had an outside 
diameter steel pipe casing of 273 mm with a total length of 9.1 m left in place. Furthermore, the 
tested piles were to be constructed with two different bond lengths. The first one with a bond 
zone equal to 6.1 m (SR-1) while the second one with 8.7 m (SR-2). Lastly, and the external 
case was also used in this site to avoid contact with the surrounding soil until a depth equal to 
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6.1 m. Strain gauges (SG) were specified along the total length of the tested piles (attached in 
a centralized “sister” threaded bar) with four gauges embedded in the grout of the bond length 
(EB) in order to study the strain compatibility between the pile’s materials. Figures 58 and 59 
illustrate both the geologic conditions and the schematic of the instrumented micropiles for both 
site conditions. 
 
Figure 58 –– (a) Stratigraphy and SPT data and (b) Schematic of instrumented test pile for Dublin Road Site 
(adapted from HOLMAN; BARKAUSKAS, 2007). 
 
 
Figure 59 –– (a) Stratigraphy and SPT data and (b) Schematic of instrumented test pile for Johnson Street 
Residential site (adapted from HOLMAN; BARKAUSKAS, 2007). 
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Two of three tested micropiles (DR-1 e SR-1) were tested to the plunging failure and one 
to the imminent failure (SR-2). Figures 60 and 61 present the load-settlement and the load 
distribution for each tested pile, respectively. 
 
Figure 60 –– Load-settlement curves of (a) Dublin Road micropile (DR-1) and (b) Johnson Street Residential 
micropiles (SR-1 and SR-2) (adapted from HOLMAN; BARKAUSKAS, 2007). 
 
 
Figure 61 –– Load distribution for (a) DR-1. (b) SR-1 and (c) SR-2 (adapted from HOLMAN; BARKAUSKAS, 
2007). 
 
The main conclusions obtained by Holman and Barkauskas (2007) are described below: 
 The instrumentation data interpretation of micropiles is not as straightforward as for 
other deep foundations mainly because of the installation process, pile geometry, and 
the highly composite essence of this type of piles. A combination of methods 
(Transformed area and Secant methodology) is proposed to assess the secant modulus 
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of the cross-section area of the micropile in order to obtain the load distribution. These 
methods will be discussed further in this work; 
 The micropile secant modulus degraded as the strain levels increased. This is due to the 
nonlinear behavior of the neat cement grout. As a result,  the load distribution was also 
nonuniform in the bond zone at all applied load conditions; 
 From Figure 61, it can be observed that the mobilized bond stress along the bond zone 
is not constant as is generally assumed in micropile design. The data suggest that for 
service loading, the mobilized lateral resistance is not constant along the bond length 
and begins to present a constant value with higher displacements or as failure is 
approached though; 
 For the DR-1, at the failure load of 934 kN, the ultimate lateral resistance (or ultimate 
bond stress) in the bond zone varied from 115 kPa to 163 kPa. For the SR-1. at the 
failure load of 225 kN, the ultimate lateral resistance varied from 153 kPa to 218 kPa. 
Lastly, for the SR-2, at the maximum test load, the maximum bond stress was about 276 
kPa; 
 All micropiles mobilized tip resistance (up to 19 to 25% of the total pile load). 
Additionally, they experienced a nonlinear behavior as can be observed in Figure 62. 
Finally, micropiles with shorter bond lengths (DR-1 and SR-1) presented the potential 
to build up higher values of tip resistance; 
 Different strain gauge data was observed from the SG and the EG. The authors suggest 
that true strain compatibility may not happen in a composite micropile cross-section, 
i.e., steel and grout material may present different strain behavior contradicting the usual 
practice of micropile design. 
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Figure 62 –– Average mobilized tip load for (a) DR-1, (b) SR-1, and (c) SR-2 (adapted from HOLMAN; 
BARKAUSKAS, 2007). 
 
2.5.1.2. Fundamentals of single pile behavior under tensile loads 
In foundation engineering projects there is often a demand for deep foundation solutions 
considering tensile stresses in their cross-section area. Such loads are usually classified into 
permanent tensile loads or cyclic pullout loads, i.e., there is an oscillating between compression 
and tension forces (NOGUEIRA, 2004; ORLANDO, 1999; PASCHOALIN FILHO, 2008; 
VELLOSO; LOPES, 2016). In any case, it is necessary to calculate or at least estimate the 
internal and external tensile load capacity of the foundation element. Some examples of 
structures subjected to this type of loading are described below: 
 Permanent tensile loads: structures subjected to stresses caused by earth lateral and/or 
hydrostatic pressure (earth retaining structures in general, bridge abutment and anchor 
foundation for marine purpose); 
 Cyclical or accidental loads: offshore platforms, tall buildings subjected to extensive 
wind action, shipbuilding docks, foundations in expansive soils, wind, and transmission 
tower foundation, among others. 
 
The simplest method to ensure an optimum geotechnical load capacity against uplift is to 
perform piles long enough for the development of deep-seated lateral resistance 
(TOMLINSON; WOODWARD, 2015). However, as reported by the authors, this condition 
may not be possible since the terrain may have a shallow layer of overburden soil making it 
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harder and more expensive to install deeper piles embedded into the rock. Experience has 
demonstrated, although, that anchors in the form of grouted-in bars, tubes or cables are the most 
economical foundation types to provide reliable uplift resistance for piles inserted to a shallow 
rock layer (TOMLINSON; WOODWARD, 2015). 
In terms of geotechnical loading capacity, it is theoretically defined that the failure 
geotechnical load of a pile submitted to tensile loads depends on: (1) the structural element's 
self-weight, (2) the shape of the shear failure surface, (3) the weight of the soil mass contained 
within the shear failure surface and (4) the soil shear strength (VELLOSO; LOPES, 2016). 
Figure 63 indicates two types of failure surface: (a) on the soil/pile interface (typical of slender 
piles) and (b) according to a conical surface (typical of caissons with enlarged base). 
 
Figure 63 –– Geotechnical shear failure surface (a) on the soil/pile interface and (b) according to a conical surface 
(VELLOSO; LOPES, 2016). Note: Q = applied load; p = weight of the soil mass contained within the shear failure 
surface; L= pile’s depth; φ = conical surface angle. 
 
Therefore, the ultimate geotechnical load capacity (Qu) is characterized by the same 
equations of the pile under a compression load [1, 2] without the end-bearing resistance 
parameter in order to resist the maximum uplift force. 
 
    =    =     ×     [3] 
 
According to Orlando (1999) cited by Nogueira (2004), lateral tensile resistance (qst) is 
generally lower than lateral compression resistance (qsc) and the qst / qsc ratio decreases with 
decreasing Length / Diameter ratio. In other words, given a pile with a constant diameter and 
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varying its length, longer piles tend to develop lateral resistance of the same magnitude, either 
under compression or tensile loads. Among the reasons that justify the cited behavior, as 
reported by Orlando (1999) cited by Nogueira (2004) as well as Nicola and Randolph (1993), 
are: 
 Expansion or contraction of the shaft due to the Poisson effect which causes variation 
on the soil stress conditions, especially for long piles; 
 Differences in ground stresses caused by type of applied loading; 
 Changes in the soil effective stresses due to the direction rotation of the principal 
stresses; 
 Formation of a different failure surface (Figure 60.b); 
 Alteration of soil parameters, especially for sandy soils, as a function of load type. 
 
Studies have shown that failure occurs at the soil-foundation interface, except in short piles 
or caisson foundations where a conical failure surface can be observed (VELLOSO; LOPES, 
2016). Thus, the uplift geotechnical load capacity of piles can be estimated from the methods 
developed for compression piles without taking into account the end-bearing component 
(TOMLINSON; WOODWARD, 2015; VELLOSO; LOPES, 2016). Conversely, it is common 
to adopt a reduced value compared to the one calculated for the piles under compression loads, 
since data from several researchers demonstrate that the lateral shaft capacity under tensile load 
is lower than under compressive loads (BELLATO; D’AGOSTINI; SIMONINI, 2013; 
BERINGEN; WINDLE; VAN HOOYDONK, 1979; CARNEIRO, 1994; CARVALHO et al., 
1991; HAN; YE, 2006; PASCHOALIN FILHO, 2008; QIAN; LU, 2011).  
Elgamal (2019), Paschoalin Filho (2008) and Velloso and Lopes (2016) recommend 
precaution when adopting the allowable geotechnical tensile loads, which may be estimated by 
a reduction of 20% to 30% over the ultimate lateral compression load and by applying an overall 
safety factor of 2.5 in order to obtain the design load. Meerdink (2013), CUR 2001-4 (2001) 
and NEN 9997-1 (2012) also applies this difference in loading behavior (only for cohesionless 
soil, based on previous literature) by the factor f2 (reduction of 20% over QSC).  
When it comes to grouted micropiles, as reported by Corrêa (1988), cited by Nogueira 
(2004), they usually mobilize less uplift shaft resistance when compared to the piles submitted 
to compression loads. They may also produce up to 5 times the head displacement when 
compared to compression piles submitted to load tests (STUEDLEIN; GIBSON; HORVITZ, 
2008). Therefore, the shape of the load-displacement curves obtained from micropiles 
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submitted to compression and tension load tests are similar, even though movements are greater 
in tension (FHWA, 1997). 
Carvalho et al. (1991) studied the behavior of root piles (Type B) submitted to tensile and 
compression loads in residual soil composed mainly of clayey sand. Two piles were tested, one 
for each type of load solicitation. The micropiles were installed with a diameter of 0.25 m and 
a total length of 17 m. Both of them were instrumented along their length with four strain gauges 
in order to analyze the load transfer behavior. The elastic modulus of the pile was obtained from 
the instrumented reference section being 24.8 GPa for the compressed pile and 16.2 GPa for 
the uplift pile. For the compressed pile a maximum displacement of 11.22 mm was observed 
associated with a load of 900 kN (pre-failure load) while for the tensile pile a load of 700 kN 
(87% of the ultimate load estimated by Van Der Veen) was mobilized. associated with a 
displacement of 15.31 mm. The compressed pile geotechnical failure was obtained in the last 
stage reaching an ultimate load of 1050 kN associated with a deformation of 38.12 mm. It could 
be observed that for a load of 500 kN at pile’s head (last load without tip mobilization on the 
compressed pile) the displacements were approximately 2 mm and 7 mm for the compressed 
and tensioned pile respectively, i.e., the micropile under compression loads behaved more 
rigidly than the uplift pile under the same load magnitude. Additionally, the authors noted that 
maximum uplift shaft resistance was in the order of 84% of the value of ultimate compression 
lateral resistance. 
Polido, Castello and Alledi (2000) studied the behavior of high pressure grouted piles (Type 
D) performed in gneiss residual soil (sandy silt soil) as a foundation solution of a tall building 
in Rio de Janeiro, Brazil. They choose this type of foundation due to its high load capacity 
compared to its diameter, versatility, and facility to overcome possible boulders into the ground. 
Four load tests were performed to understand the behavior of the injected pile (EP1, EP2, EP3, 
and EP4). Among the piles submitted to load tests, one of them was submitted to both 
compressive and tensile forces to evaluate the lateral resistance under different load conditions. 
The piles EP2, EP3, and EP4 were instrumented with Tell-Tales while the EP1 was 
instrumented with Tell-Tales and strain gauges along with its depth. 
According to the authors, the pile had a nominal diameter of 40 to 45 cm, a total length of 
12 m and they were highly reinforced with weldable steel tubes of an OD (outside diameter) of 
273 mm alongside with a stiff steel cage inside of the tube (Figure 59). It can also be seen in 
Figure 64 that the tubes with manchette valves have been placed internally to the structural pipe 
of the pile. As a result, 1.0 cm diameter holes were drilled into the structural tubes, connecting 
the injection tube to the outside (annular space to be filled with grout), and the manchette valves 
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was formed by attaching a rubber ring to the periphery of the structural tube every 2.0 m, 
covering the valve holes (a similar procedure can be observed in Figure 12 and 13 on section 
2.3.2.2.i.). The grout used for both sheath filling and pressure injections had a water/cement 
ratio of 0.5 and fck equal to 28 MPa. 
 
Figure 64 –– Details of EP1 cross-section components (POLIDO; CASTELLO; ALLEDI, 2000). 
 
As reported by Polido, Castello and Alledi (2000), a total of 32 cement bags (1600 kg) were 
used for sheath formation (preliminary treatment) and 27 cement bags (1350 kg) were pressure 
injected by the manchette valves along the pile’s length (EP1). The initial injection pressure 
was about 62 kg/cm² while the residual pressure was 40 kg / cm². The mean NSPT along the 
shaft for the tested pile was 44. After interpreting the load transfer mechanism and the load-
displacement curve (Figure 65) from the EP1 micropile, the authors concluded that: 
 The average unitary lateral resistance mobilized along the shaft was around 310 kPa;  
 The behavior was similar to that experienced according to the pressure grouted piles 
and ground anchor specialized literature, that is, small deformation and low contribution 
of the tip resistance; 
 Of the total load mobilized by the pile submitted to compression loads (5000 kN) about 
92% were related to lateral resistance (4600 kN) and, consequently, only 8% was related 
to the tip resistance.  
 Even submitted to failure under compression load, the pile withstood a 4000 kN tensile 
load; 
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 Regarding the deformations on the workload, it was observed larger deformations in 
uplift loads than in compression loads, which was already expected; 
 After analysis of all piles (EP1 to EP4), it was observed that there is an interdependence 
between injection pressure, the number of cement bags injected and load capacity. The 
higher the injection pressure, the higher is the pile carrying capacity as well as the 
greater is the number of cement bags injected, the greater is the pile bearing capacity. 
 
 
Figure 65 –– (a) Load-displacement curve and (b) Load transfer behavior of the EP1 (POLIDO; CASTELLO; 
ALLEDI, 2000). 
 
Han and Ye (2006), as cited in section 2.4., studied the behavior of four Type B 
instrumented micropiles constructed on clayey soil. Two compressive load tests were 
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performed as well as two tensile load tests. Details of the micropiles and its performance under 
loading can be observed in Table 8. Additionally, the load-displacement curves of all load tests 
are illustrated in Figure 66 along with the axial load dissipation distribution of the tested 
micropiles in Figure 67. Lastly, Figure 68 shows the average lateral resistance developed 
through pile tip displacement. 
 


































70 9.1 - 19.9 
Note – QU = ultimate geotechnical capacity of single micropile; SU = vertical displacement corresponding to the 
ultimate load capacity of a single micropile;      = average lateral resistance from compression tests;     = average 
lateral resistance from tension tests. 
 
 
Figure 66 –– Load-displacement curves (HAN; YE, 2006). 
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Figure 67 –– Axial load distribution along micropiles length (HAN; YE, 2006). 
 
 
Figure 68 –– Average lateral resistance versus pile tip displacement (HAN; YE, 2006). 
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From the data demonstrated above, the authors concluded that: 
 The findings of this study demonstrated an average of 10% to 15% of tip mobilization 
in the compressed micropiles, which was already expected since these piles experienced 
geotechnical failure; 
 The average lateral resistance of MP3 (compressed pile) was in the order of 65% higher 
of the micropiles submitted to tension loads, as determined by the quick loading tests; 
 Quick loading tests tend to mobilize higher lateral resistance when compared to slow 
loading tests due to creep and stress relaxation at the soil/micropile interface. Therefore, 
it was observed that MP3 under quick loading mobilized and average lateral resistance 
of around 33% greater than that for MP1 under slow loading test. 
 
Nogueira (2004) and Paschoalin (2008) studied the behavior of Root Piles (Type B) 
executed in porous residual soil of diabase rock (silty clay to sandy silt soil) in the first 
Experimental Site of Foundations and Soil Mechanics at Unicamp. The first author studied the 
behavior of 3 piles subjected to compressive loads (C1, C2, and C3) while the second author 
studied the behavior of 3 piles subjected to tensile loads (T1, T2, and T3). All piles had a total 
length of 12 m and a nominal diameter of 40 cm. In addition, all piles were subjected to slow 
load tests and were instrumented with electrical strain gauges along the length. The executive 
process of this type of piles was set out in section 2.3.2.1.i. The piles were performed with 
cement mortar with a fck of 20 MPa and a CA-50 steel reinforcement cage. Details of the piles 
and their performance under loading can be observed in Table 9. Furthermore, the load-
displacement curves of all load tests are illustrated in Figure 69. The axial load dissipation of 
the tested piles C2 and T2 are presented in Figure 70. 
 
Table 9 – Details of micropiles performance under compression and tension loads (adapted from Nogueira, 2004 



















Compression 980 490 48.77 3.15 62.2 - 
C2 Compression 980 490 54.96 0.07 62.2 - 
C3 Compression 980 490 55.42 0.51 62.2 - 
T1 Tension 910 455 26.6 2.49 - 59 
T2 Tension 980 490 45.3 2.51 - 63.3 
T3 Tension 910 455 44.6 2.77 - 59 
Note – QU = ultimate geotechnical capacity of the tested piles; Qd = geotechnical service load of the tested; SU = 
vertical displacement corresponding to the ultimate load capacity of a single micropile; SD = vertical displacement 
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corresponding at QD load stage;     = average lateral resistance from compression tests;     = average lateral 
resistance from tension tests. 
 
 
Figure 69 –– Load-displacement curves a) compression root piles and b) tension root piles (adapted from 
NOGUEIRA, 2004; PASCHOALIN, 2008). 
 
 
Figure 70 –– Axial load distribution of piles a) compression root piles (C2) and b) tension root piles (T2) (adapted 
from NOGUEIRA, 2004; PASCHOALIN, 2008). 
 
From the data presented above, it is possible to observe that the piles under both load 
conditions behaved similarly in terms of ultimate geotechnical load capacity. Additionally, the 
average ultimate shaft resistance mobilized by compressed and tensioned piles were practically 
the same, i.e., approximately 60 kPa. The piles under uplift load conditions developed greater 
displacement in the service load conditions when compared with the compressed piles, except 
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for the pile EP1. Finally, according to Nogueira (2004), the tip resistance was practically 
negligible with an average value equal to 3% of the total applied load. 
Qian and Lu (2011) presented a study of the behavior of five Type C micropiles 
(postgrouting pressure up to 1.5 MPa) performed on typical Shanghai soft soil. The main object 
of this study was to provide a better understanding of frictional resistance of micropiles under 
tension and compression in order to provide better parameters for the design of micropiles to 
support electric power transmission in China. To analyze the behavior of the micropiles, five 
slow load tests were performed, two under compression loads and three under tension loads. 
Figure 71 illustrates the setup arrangement of the loading tests procedures. 
 
 
Figure 71 –– Setup arrangement of the load tests procedures a) compression load test and b) tension load test 
(QIAN; LU, 2011). 
 
It is worthy to note that the cement/water ratio used in the grout was 0.5 and the 
reinforcement of the micropile consisted of an outside diameter steel tube of 200 mm along 
with eight 16 mm reinforcing bars. A summary of the tested micropiles geometric parameters, 
loading type and main results from the test procedure can be observed in Table 10. Additionally, 
the load-displacement curves of all load tests are illustrated in Figure 72 along with the axial 
force distributions of the tested micropiles in Figure 73 (except MP5T). Lastly, Figure 74 shows 
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Compression 43.3 800 14.6 58 - 
MP2T 13 Tension 43.3 450 9 - 37 
MP5C 18 Compression 60 >1000 >6.1 63 - 
MP5T 18 Tension 60 600 17.3 - 33 
MP7T 20 Tension 66.7 650 12.6  33 
Note – QU = ultimate geotechnical capacity of single micropile base on the load corresponding to the plunge point; 
SU = vertical displacement corresponding to the ultimate load capacity of a single micropile      = average lateral 
resistance from compression tests;     = average lateral resistance from tension tests. 
 
 
Figure 72 –– Load-displacement response on the micropiles under axial loadings (QIAN; LU, 2011). 
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Figure 73 –– Axial force distributions in micropiles MP2C, MP2T, MP5C and MP7 (QIAN; LU, 2011). 
 
 
Figure 74 –– Lateral resistance distributions along micropiles under compression or under tensile loads (QIAN; 
LU, 2011). 
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From the data demonstrated above, Qian and Lu (2011) concluded that: 
 With the increase in the length / diameter ratio there is also an increase in both the 
compression and ten tension ultimate geotechnical capacity; 
 The findings of this study demonstrated that tip resistance was around 10 - 15% of the 
applied load; 
 The micropile response under axial loadings was in general nonlinear; 
 The geotechnical ultimate capacity of the micropiles submitted to tensile loads was an 
order of 60% of those under compression load; 
 The average ultimate shaft capacities of micropiles under compression were in the order 
of 70% higher of those under tensile loadings; 
 It also can be observed that the average lateral resistance tends to be constant after a 
certain pile’s length. Even with the increase of the total length of the micropiles, either 
for the compressed pile or the tension pile, they both tend to an average lateral resistance 
value around 60 kPa and 35 kPa, respectively. 
 
2.5.1.3. Evaluation of the limit geotechnical load of micropiles 
There are several types of techniques for estimating the geotechnical loading capacity of 
axially loaded single pile foundations, including (1) static equations – theorical and/or “in situ” 
test-based methods (direct or indirect) , (3) pile static load test, (4) pile dynamic load test (i.e. 
pile dynamic analysis and testing) and (5) numerical modelling (NBR 6122/2019. 2010; 
GOLAFZANI; CHENARI; ESLAMI, 2019). All of them aims to estimate both geotechnical 
resistance components (qs and qt) from Eq. 2. 
 
i. Estimate of the limit load of micropiles from static equations 
In pile foundation design, it is common to use theoretical methods and/or direct “in situ” 
test-based methods to predict the geotechnical load capacity (ALBUQUERQUE, 1996; 
CINTRA et al., 2013; CINTRA; AOKI, 2010). The first one uses the concepts of classical soil 
mechanics in their formulations in order to predict the pile bearing capacity (GOLAFZANI; 
CHENARI; ESLAMI, 2019). In addition, the geotechnical parameters for this method are 
usually obtained from indirect "in situ" tests, i.e., samples are extracted from a borehole and 
tested in a laboratory. Conversely, when it comes to direct “in situ” test-based methods or 
semiempirical formulation, the geotechnical pile design parameters such as lateral resistance 
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(qs) and tip resistance (qt) are directly derived from correlations obtained through the test data 
(DÉCOURT, L.; ALBIERRO, J. H.; CINTRA, 2016). The main direct “in situ” tests used in 
foundation engineering are the Standard Penetration Test (SPT), the Cone Penetration Test 
(CPT), the Piezocone Penetration Test (CPTU), the Marchetti Flat Dilatometer Test (DMT), 
the Shear Vane Test (SVT) and the Menard Pressuremeter Test (MPT) (SCHNAID, 2009). 
It is worth mentioning that is also possible to derive geotechnical parameters of sands and 
clays from direct "in situ" tests through empirical correlations based on back-testing of 
laboratory results with a reasonable margin of acceptability (DÉCOURT, L.; ALBIERRO, J. 
H.; CINTRA, 2016; SCHNAID; ODEBRECHT, 2012). For sands, correlations include relative 
density, friction angle, deformation modulus, and small strain modulus (AMERATUNGA; 
SIVAKUGAN; DAS, 2016). For clays, correlations include the undrained shear strength, over 
consolidation ratio, constrained modulus, small strain shear modulus, compressibility, friction 
angle, unit weight, and permeability (AMERATUNGA; SIVAKUGAN; DAS, 2016).  
Thus, according to Fellenius (2019), it is also possible to use theorical methods based on 
geotechnical parameters obtained from correlations of direct "in situ" tests. However, the same 
author state that this approach is not particularly suitable for use in engineering practice because 
of its high degree of uncertainty. On the other hand, Golafzani, Chenari and Eslami (2019) 
emphasizes that conducting a large-scale pile loading test may reduce the associated 
uncertainties and serve as model calibration. 
Based on Cintra and Aoki (2010), there is an extensive range of theorical methods to 
simulate the mathematical/physical model of a deep foundation. This diversity of propositions 
results from the difficulty of adjusting the models to the behavior of the foundation at the failure 
condition and, therefore with results that may significantly differ from reality. As a result, the 
authors propose caution when these methods are used to design the limit load of pile foundation. 
As a reflex of this uncertainty, NBR 6122/2019 indicates the use of a factor of safety equal to 
3.0 when designing a deep foundation using this criterion while for semiempirical formulation 
(direct “in situ” test-based methods) it suggests a factor of safety equal to 2.0. Another 
limitation of theoretical methods is the exclusive consideration of cohesive or granular soil 
which turns out to be a gap when analyzing the geotechnical resistance of intermediate soils 
(CINTRA; AOKI, 2010; DÉCOURT, L.; ALBIERRO, J. H.; CINTRA, 2016).  
In terms of micropile design, Tables 11, 12, and 13 summarize the available 
recommendations outlined by different authors for the estimation of the lateral resistance (qs) 
of different types of micropiles (Types A, B, C, and D) in different types of soil conditions. 
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Furthermore, FHWA (1997) emphasizes that most of the proposed methods for interpreting 
compression test results can also be applied for uplift test results. 
 
Table 11 – Summary of available recommendations for preliminary design – Theorical methods (adapted from 
JURAN et al., 2016). 
Soil Type 
Micropile Type 
Type A Type B Type C, D 
Cohensionless 
β method  
qS = βσ’vz 
β = Ktanφ’ 
K = K0 = (1 - sin φ’)OCRsin φ’ 
K = 0.7 
qS = pgtan φ’ 
qS = βσ’vz 
β = K1K2tan φ’ 
K1 = 1.4 to 1.7 
K2 = 1.2 to 1.5 (DS) 
K2 = 1.5 to 2.0 (MS) 





qS = αsu 
α = 0.6 to 0.8 
Similar to Type A - 
Rocks qS = 
   
  
 Similar to Type A - 
Note – qS = lateral resistance; σ’vz = vertical effective stress; K = coefficient of earth pressure after pile installation; 
K0 = coefficient of earth pressure at rest; φ’ = effective friction angle; OCR = over-consolidation ratio; su = 
undrained soil strength; UCS = unconfined compressive strength of the rock sample; pg = grout pressure; K1 = 
coefficient of earth pressure after pile installation; K2 = Coefficient representing the increase in effective diameter 
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Table 12 – Summary of available recommendations for preliminary design – “In situ” test-based method or 
semiempirical formulation based on the Standard Penetration Test (SPT). 
Micropile Type 
Type A Type B Type C, D 
Aoki-Veloso’s Method        






α = soil friction ratio 
k = coefficient of soil type 
N = SPT number of blow count - 
NSPT 




(DÉCOURT, L.; ALBIERRO, J. H.; 
CINTRA, 2016) 
 




N = NSPT 
β = 0.5 (Sand) 
β = 0.65 (Intermediate soils) 





qS = βN 
β = 4 kPa 
N = NSPT 
 







α = soil friction ratio 
k = coefficient of soil type 
N = SPT number of blow count 
F2 = 2.0  (CORRÊA, 1988) 
F2 = 2.4 (VELLOSO; LOPES, 2016) 
 
Décourt-Quaresma’s Method 
(DÉCOURT, L.; ALBIERRO, J. H.; 
CINTRA, 2016)  




N = NSPT 
β = 1.5 
 
Cintra-Carvalho’s Method adpated 
from Lizzi’s Method 
(CARVALHO; CINTRA, 1993) 
 
qS = KI 
K = 50 kPa (0 to 3 of NSPT) 
K = 100 kPa (4 to 10 of NSPT) 
K = 150 kPa (11 to 25 of NSPT) 
K = 200 kPa (> 25 of NSPT) 






qS = β0β1N 
β0 = 1 + 0.11p – 0.01B 
p = pressure of grout injection at the head 
of the pile ≤ 0.4 MPa 
B = micropile diameter 
β1 = coefficient of soil type 
β0 = pressure injection coefficient 
N =NSPT 
 
Bustamante-Doix’s Method (IGU) 
(VIGGIANI; MANDOLINI; RUSSO, 
2012) 
qS_IGU = αIGU + βIGU*N 
αIGU = 0 (Sand and gravel) 
αIGU = 0.04 (Silt and Clay) 
βIGU = 0.005 (Sand and gravel) 
βIGU = 0.004 (Silt and Clay) 
Décourt-Quaresma’s Method 
(DÉCOURT, L.; ALBIERRO, J. H.; 
CINTRA, 2016) 




N = NSPT 
β = 3.0 
 




qS_IGU = αIGU + βIGU*N (pile’s length 
≤ 5 m) 
 
qS_IRS = αIRS + βIRS*N (pile’s length 
> 5 m) 
 
N = NSPT 
αIRS = 0.05 (Sand and gravel) 
αIRS = 0.1 (Silt and Clay) 
βIRS = 0.005 (Sand and gravel) 
βIRS = 0.006 (Silt and Clay) 
 
Porto (2015) – Ground Anchors 
 




N = NSPT 
k = anchorage coefficient of the 
prevailing soil type 
 
k (kN/m²) 
Silty Clay 1.25 
Sandy Clay 0.95 
Clayey Silt 2.57 
Silt 2.16 
Sandy Silt 1.74 
Clayey Sand 2.67 
Silty Sand 2.24 
 
Springer (2006) – Soil Nails 
 
qs = 45.12ln(N) – 14.99 
N = NSPT 
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Table 13 – Summary of available recommendations for preliminary design – “In situ” test-based method or 
semiempirical formulation on Cone Penetration Test (CPT). 
Micropile Type 
Type A Type B Type C, D 
Aoki-Veloso Method        






α = soil friction ratio 
qC = average cone tip resistance 
at depth z 




Method (LCPC Method) 
Bustamante and Gianeselli 








α = soil friction ratio 
α = 30 – 150 
qS max = 0.015 – 0.12 MPa 
qC,Z = average cone tip 
resistance at depth z 
Aoki-Veloso Method 






α = soil friction ratio 
qC = average cone tip resistance at depth z 
F2 = 2.0  (CORRÊA, 1988) 
F2 = 2.4 (VELLOSO; LOPES, 2016) 
 
Bustamante-Gianeselli Method (LCPC 
Method) 
Bustamante and Gianeselli (1982), cited by 







α = soil friction ratio 
α = 30 – 150 
qS max = 0.015 – 0.12 MPa 





Thus, in order to predict the ultimate lateral geotechnical capacity of a micropile (Qs), it is 
necessary to multiply the lateral resistance obtained by one of the methods abovementioned by 
the equivalent lateral area of the micropile which is a function of micropile’s perimeter (U) and 
its length (L). 
   =      [4] 
 
In addition, according to Viggiani, Mandolini and Russo (2012), the ultimate tip resistance 
(Qt) is generally assumed to be equal to 15% of the ultimate micropile’s shaft resistance (Qs), 
and, therefore, the global geotechnical capacity of a single micropile can be estimated as: 
 
   = 1.15 ×      [5] 
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According to Neto Sadalla (1995) and FHWA (2005), either compression or tension 
postgrouted micropile (Types C and D) behaves similarly to ground anchors. Therefore, its 
geotechnical bearing capacity formulation can also be used to estimate the micropiles limit load. 
A review of ground anchor formulation to estimate geotechnical bearing capacity is presented 
by  FHWA (1999) and Lamare Neto (1985) , cited by, Neto Sadalla (1995). 
Jeon and Kulhawy (2002) studied a dataset of 21 load tests of pressure injected micropiles 
performed in 10 different sites. According to the authors, most of the load tests did not achieve 
the ultimate geotechnical capacity. In order to estimate the values of ultimate lateral resistance, 
they extrapolated the load test results using a hyperbolic formulation. In general, the authors 
reported that for cohesive soils the range of average ultimate lateral resistance was 50 to 130 
kPa while the range for cohesionless soils was between 50 to 500 kPa. 
According to Massad (2005) apud Ferrari (1980), in terms of geotechnical load capacity, 
ground anchors installed in the city of São Paulo, with drilling diameter between 10 and 25.4 
cm, bond lengths between 6 and 12 m, and injected with average pressures of 400 to 3500 kPa, 
presented an average limit load values in the range of 100 kN/m to 120 kN/m, regardless of soil 
type. 
D'Hyppolito (2017) analyzed a large database of anchorage pullout tests from São Paulo, 
Rio de Janeiro, and Minas Gerais in order to assess the lateral resistance (qs) between the 
soil/anchor interface. The average of the results of São Paulo (a total of 204 pullout tests), 
regardless of the NSPT, was 132.4 kPa with a standard deviation of 65.8 kPa. It was observed 
that most of the results of qs in São Paulo were between 50 and 150kPa (more than 60%). 
When evaluating the empirical methods, it is usual to compare the values of lateral 
resistance obtained by the equations shown in Tables 11, 12, and 13, with the maximum values 
specified by the available design codes of soil anchors, rock anchors, soil nails, and micropiles, 
as all of these structures have a similar installation methodology. As a result, either the database 
of ground-to-grout bond strength (lateral resistance) and the empirical methods can be updated 
and provide more reliable values (JURAN et al., 2016). Tables 14 to18 provide ranges of values 
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Table 14 – Ultimate Unit Bond Strength (qs) for Anchors in Cohesive Soils (adapted from FHWA, 1999 and HAN, 
2015). 
Anchor/Soil Type  
(Grout Pressure) 





Gravity grouted anchors (<350 kPa)   
Silt-clay mixtures Stiff to very stiff, 100-400 30-75 
Pressure grouted anchors (350 - 2800 kPa)   
High plasticity clays Stiff, 100-250 30-100 
 Very stiff, 250-400 75-180 
Medium plasticity clays Stiff, 100-250 100-260 
 Very stiff, 250-400 145-365 
Medium plasticity sandy silt Very stiff, 250-400 290-395 
 
Table 15 – qs values for Anchors in Cohesionless Soils (adapted from FHWA, 1999 and HAN, 2015). 
Anchor/Soil Type (Grout Pressure) 
Soil compactness or SPT 
(N60) 
qs (kPa) 
Gravity grouted anchors (<350 kPa)   
Sand or sand-gravel mixtures Medium dense to dense, 11–50 75-145 
Pressure grouted anchors (350 - 2800 kPa)   
Fine to medium sand Medium dense to dense, 11–30 85-395 
 Medium dense, 11–30 115-700 
 
Medium to coarse sand with gravel 
Dense to very dense, 30–50 260-1000 
Silty sands - 175-425 
Sandy gravel Medium dense to dense, 11–40 220-1450 
 Dense to very dense, 40 to ≥ 50 290-1450 
Glacial till Dense, 31–50 315-550 
 
Table 16 – qs values for Rock Anchors (adapted from FHWA, 1999 and HAN, 2015). 
Rock Type qs (kPa) 
Granite or basalt 1800-3250 
Dolomitic limestone 1450-2200 
Soft limestone 1050-1450 
Slates and hard shales 850-1450 
Sandstones 850-1800 
Weathered sandstones 750-850 
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Table 17 – qs values for Soil Nails (ELIAS; JURAN, 1991). 
Material Construction Method Soil/Rock type qs (kPa) 






Soft dolomite 400-600 
  
Fissure dolomite 600-1000 
  
Weathered shale 200-300 
  




Slate/Hard shale 300-400 
Cohesionless soils Rotary Drilled Sand/gravel 100-180 
  




Piedmont residual 40-120 
  
Fine Colluvium 75-150 
 
Driven casing Sand/gravel 
 
  
- Low overburden 190-240 
  
- High overburden 280-430 
  




Augered Silty sand fill 20-40 
  
Silty fine sand 55-90 
  
Silty clayey sand 60-140 
 
Jet grouted Sand 380 
  
Sand/gravel 700 
Fine-Grained soils Rotary Drilled Silty clay 35-50 
 
Driven casing Clayey silt 90-140 
 
Augered Loess 25-75 
  
Soft clay 20-30 
  
Stiff clay 40-60 
  
Stiff clayey silt 40-100 
    Calcareous sandy clay 90-140 
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Table 18 – Summary of Typical qs (Grout-to-Ground Bond Strength) Values for Micropile Design (FHWA, 2005). 
Soil / Rock description 
Grout-to-Ground Bond Ultimate Strengths - kPa 
Type A Type B Type C Type D 
Silt & Clay (some sand) 
(soft, medium plastic) 
35-70 35-95 50-120 50-145 
Silt & Clay (some sand) 
(stiff, dense to very dense) 
50-120 70-190 95-190 95-190 
Sand (some silt) 
(fine, loose-medium dense) 
70-145 70-190 95-190 95-240 
Sand (some silt, gravel) 
(fine-coarse, med.-very dense) 
95-215 120-360 145-360 145-385 
Gravel (some sand) 
(medium-very dense) 
95-265 120-360 145-360 145-385 
Glacial Till (silt, sand, gravel) 
(medium-very dense, cemented) 
95-190 95-310 120-310 120-335 
Soft Shales (fresh-moderate 
fracturing, little to no weathering) 
205-550 - - - 
Slates and Hard Shales (fresh 
moderate fracturing, little to no 
weathering) 
515-1380 - - - 
Limestone (fresh-moderate 
fracturing, little to no weathering) 
1035-2070 - - - 
Sandstone (fresh-moderate 
fracturing, little to no weathering) 
520-1725 - - - 
Granite and Basalt (fresh 
moderate fracturing, little to no 
weathering) 
1380-4200 - - - 
 
Regarding micropile geotechnical design, The Federal Highway Administration (2005) 
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Where: 
 qs = grout-to-ground ultimate bond strength or limit lateral geotechnical resistance; 
 FOS = factor of safety applied to the ultimate bond strength; 
 Db = diameter of the drill hole; 
 Lb = bond length. 
 
FHWA (2005), also emphasizes that Eq. 6 can be rewritten in order to be used to calculate 
the bond length (Lb) to counterbalance the maximum compression or maximum tension load 




   ×   ×   
 [7] 
 
It should be pointed out that, in Eq. 7, PG-allowable is equal to the maximum compression or 
uplift load for design, i.e., there is no difference between the qs for compression and tension 
loads. According to FHWA (2005), values no greater than the average values (i.e., middle of 
range values reported in Table 18) should be used by an inexperienced geotechnical engineer 
in an unknown site or region condition. 
FHWA (2005) also proposes caution when use Eq. 7 to estimate the bond length in complex 
soils such as (1) organic soils; (2) cohesive soils with an average liquidity index greater than 
0.2; (3) cohesive soils with an average liquid limit greater than 50; and (4) cohesive soils with 
an average plastic index greater than 20. For these types of site conditions, the code suggests 
comprehensive static load testing and the use of high factors of safety for geotechnical design 
(≥2.5). Lastly, tip resistance is not considered in this formulation. 
Despite the range of empirical equations to estimate the ultimate geotechnical capacity of 
micropiles, they must be used only for preliminary design purposes, while design specifications 
for production micropiles shall require in situ loading tests. Empirical formulations usually 
provide conservative values of limit load which is a reasonable fact in terms of safety margin 
(BELLATO; D’AGOSTINI; SIMONINI, 2013; ELGAMAL, 2019; NOGUEIRA, 2004; 
PASCHOALIN FILHO, 2008). 
The prediction of the ultimate load capacity of micropiles by empirical methods easily 
exceeds the 20% accuracy margin, sometimes in favor of security, sometimes not. This is due 
to the fact that almost all empirical formulae used to predict micropiles bearing capacity have 
been adapted from equations used to design other types of pile foundations and also from design 
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codes of ground anchors (JURAN et al., 2016). As a result, according to this author, loading 
tests are typically required on every site before the production piles are performed. 
Micropiles performed before the production piles in order to be submitted to a previous load 
test are usually called preproduction micropiles (FHWA, 2005). Thus, the purpose of the 
preproduction testing is to verify design predictions regarding the grout/ground bond capacity 
of the micropile’s bonded length and the adequacy of the contractor’s installation methods 
(FHWA, 2005). Moreover, their results can be used to back-calculate and calibrate the 
ground/grout parameters used in the preliminary design with the purpose of updating it (JURAN 
et al., 2016). 
 
ii. Interpretation of load-displacement curve from static load test 
The most reliable method to establish the limit load capacity of a pile is to perform a load 
test on it (Decourt, 2008).  According to Vargas (1978), it is possible to identify three stages 
(Figure 75) that explain the load transfer phenomenon from a static loading test: 
 Stage I: near-linear region between load and displacement values, that is, the soil/pile 
interface behaves elastically; 
 Stage II: region of elasto-plastic deformation where displacements are a function of 
loading speed and where relaxation/creep phenomena appears; 
 Stage III: region where pile head displacements increase significantly with a small 
increase of load or even without a single load increment. This section defines the 
geotechnical failure of the foundation. 
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Figure 75 –– Stages of a load-displacement curve (adapted from VARGAS, 1978). 
 
Two typical behaviors of load-displacement curves obtained from static load tests can be 
observed in Figure 76 (NETO SADALLA, 1995). In the Type 1 curve, the maximum resistance 
of the foundation has been well characterized. Nonetheless, this shape may not be achieved due 
to reaction system limitations or the complex behavior of the soil-pile system. Thus, a curve 
similar to Type 2 is generally obtained, where a clear-defined failure is not observed. From the 
interpretation of these two curves emerges two types of failure criterion: clear failure load or 
conventional/interpreted failure load (CINTRA et al., 2013; KULHAWY; HIRANY, 2009). 
The first is related to the maximum load which the soil/pile system can hold before the 
displacement grows indefinitely while the second may be related to excessive deformations 
without a related clear geotechnical failure load. Lastly, Milititsky, Cansoli and Schnaid (2005) 
presented several load-displacement curves obtained by full-scale tests for different types of 
soil and pile conditions which can be observed in Figure 77. 
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Figure 77 –– Behavior of load-displacement curves associated with different types of soil and pile conditions 
(adapted from MILITITSKY; CANSOLI; SCHNAID, 2005). 
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As stated above, the execution of a static load test is not a guarantee of mobilization of the 
ultimate resistance. Therefore, if a particular load test does not illustrate a characterized failure 
load, several approaches can be used to estimate the foundation's geotechnical capacity. In 
general, there is no single criterion for establishing a geotechnical failure load. Several authors 
have studied the behavior of the load-settlement curve under various conditions by proposing 
methods for obtaining the ultimate load from its interpretation (mathematically, graphically or 
even by settlement limitation) (VAN DER VEEN, 1953; TERZAGHI; PECK, 1967; CHIN, 
1970; DE BEER, 1970; FULLER; HOY, 1970; DAVISSON, 1972; BUTLER, H.D.; HOY, 
1976; HIRANY; KULHAWY, 2002; O’ROURKE; KULHAWY, 1985; DÉCOURT, 1996; 
NBR 6122. 2019). The following table presents the well-known and widely used interpretation 
methods based on different approaches. It is noteworthy to emphasize that the failure load 
obtained by one of these methods is not the “real” maximum geotechnical resistance, and yet 
the interpreted geotechnical capacity (FELLENIUS, 2019). 
 
Table 19 – Typical methods used to obtain the interpreted failure load from load-settlement curves (adapted from 
ZEIN; AYOUB, 2016). 
Method Category Definition of interpreted capacity, Q 




QVDV is Pult that gives a straight line when log (1-




QCHIN is the inverse slope (1/m) of a line s/p = ms+c, 




QDEC is equal to 
  
 
 when the coefficient K from 
equation K = α+βQDEC tends to zero. K is the soil/pile 
stiffness which can be calculated by the relation of load 
and displacement (K = 
  
  
) at any loading stage. 
Terzaghi 




QT is the load that occurs at a total displacement of 10% 
of the pile’s tip diameter. 




QF&H is the minimum load that occurs at a rate of total 
displacement of 0.05 in. per ton (0.14 
mm/kN). 
    123 
 




QB&H is the load at intersection of tangent sloping at 
0.14 mm/kN and tangent to initial straight portion of 


















QDAV occurs at a displacement equal to the pile elastic 
compression line (PD/AE) offset by 0.15 
in. (3.8 mm) + B (in. or mm)/120. where P = load, D = 
depth, A = area, E = Young’s modulus, 









QST occurs at a displacement equal to the initial slope 
of the load-displacement curve offset by 0.15 in. (3.8 







QNBR occurs at a displacement equal to the pile elastic 
compression line (PD/AE) offset by B/30. where P = 
load, D = depth, A = area, E = Young’s modulus, 
B = pile diameter. 







QL1 and QL2 correspond to elastic limit and failure 
threshold loads, respectively, with failure (QU) being 
defined qualitatively as the load beyond which a small 
increase in load produces a significant increase in 
displacement (QU ≥ QL2). 
 
Several studies on the behavior of drilled foundations (drilled shaft, augered cast-in-place, 
pressure-injected footing/caisson and micropiles) were conducted by Cornell University in 
order to find a consistent criterion for interpreting the ultimate load from load test results 
(HIRANY; KULHAWY, 2002). According to the authors, the term ultimate load capacity has 
been placed aside as it is a controversial term within the geotechnical community and is also a 
value difficult to characterize. On the other hand, the term "interpreted failure load" was 
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emphasized by the authors to be more appropriate to characterize the accepted limit load of a 
given foundation subjected to axial forces. 
According to Hirany and Kulhawy (2002), drilled foundations subjected to axial loading 
(compression or tension) have a load-settlement curve that can be divided into three sections as 
it can be seen in Figure 78. The points L1 and L2 are called the “elastic limit” and the “failure 
threshold”, respectively. Additionally, the failure loads interpreted by most of the conventional 
methods described in Table 15 lie in the transition region, i.e., they offer a conservative, 
although, a safe value of geotechnical ultimate capacity. Therefore, as stated by the authors, the 
interpreted ultimate load (Qu) is defined as the load beyond which a small increase in load 
produces a considerable growth in piles’ head movement (Qu ≥ QL2).  
 
Figure 78 –– Typical regions of load-displacement curves obtained from drilled foundations – L1-L2 Method 
(adapted from HIRANY; KULHAWY, 2002). 
 
Cambefort (1964), cited by Nogueira (2004) and Barbosa (2019), presented a model to 
analyze the behavior of an single pile under axial loading. This model considers the soil/pile 
system as a rigid elastoplastic material and, therefore, its main objective is to simulate the 
behavior of the piles’ shaft and tip when axially loaded. According to the author, both shaft and 
tip resistance are functions of their respective displacements. Such consideration gave rise to 
the Cambefort Laws: 
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 First Cambefort Law: In the first proposed law (Figure 79a), the author states that 
there is a linear development of the lateral resistance (qs) to a given displacement (y). 
The rate of the lateral resistance increment S is referred to as the First Cambefort 
Parameter. When the pile reaches full mobilization of the lateral resistance (qsu), which 
is associated with a displacement of the shaft (y1), the friction remains constant 
regardless of the displacement increment. On other words: 
 
   =  .   (       ≤   )      =     (       ≥   ) [8] 
 
 Second Cambefort Law: Similar to the first law, however, it concerns the tip 
mobilization associated with its displacement (Figure 79b). Thus, there is a linear 
development of the tip resistance (qt) to a given displacement (y). The rate of the tip 
resistance increment T is referred to as the Second Cambefort Parameter. When the pile 
reaches full mobilization of the tip resistance (qtu), which is associated with a 
displacement of the soil beneath the pile’s toe (y2), it remains constant regardless of the 
displacement increment. On other words: 
 
    =  .   (       ≤   )      =     (       ≥   ) [9] 
 
 
Figure 79 –– Cambefort Laws (adapted from BARBOSA, 2019). 
 
According to Massad and Fonseca (2008) the parameter y1 ranges from 0.1% to 0.4% of 
the pile’s diameter (D) while parameter y2 exceeds 5% of D. In other words, the displacement 
related to full mobilization of lateral resistance may assume values below 10 mm according to 
Amann (2008), Cintra and Aoki (2010) and Vesic (1977), while the displacement related to 
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total mobilization of the tip resistance may assume values of a few dozens of millimeters and 
may reach a number equals to 10% of D for driven piles and 30% of D for drilled piles 
(CINTRA; AOKI, 2010). Lastly, based on Fellenius (2019),  most of the current foundation 
projects do not allow displacements to exceed 10 to 15 mm for service loads. 
Nogueira (2004) studied the behavior of instrumented root piles (Type B micropiles 
according to FHWA, 2005) performed in diabase soil and concluded, through instrumentation 
data alongside with the application of the Cambefort Laws, that a maximum shaft displacement 
of less than 5 mm was required for full lateral resistance mobilization. On the other hand, full 
tip mobilization was not well characterized given the continuous increase in tip reaction (tip 
displacement was greater than 50 mm). 
 Barbosa (2019) analyzed the behavior of instrumented Type D micropiles and observed 
that a maximum shaft displacement of less than 7 mm was required for fully saturate the shaft 
resistance. 
Based on Massad (1992. 1993), two dimensionless coefficients are considered in order to 
analyze the soil/pile interaction: 








Kr = pile structural stiffness; 
 y1 = displacement required to fully mobilize the unit lateral resistance; 
Alr = shaft capacity at failure. 
 
It is well known that shaft capacity at failure is given by: 
 
    =    ∗   ∗   ∗     
[11] 
Where: 
 π*D*L = pile’s lateral area; 
 qsu = fully mobilized lateral resistance. 
  
And pile structural stiffness is given by: 
 








 Epile = modulus of elasticity of the composite pile material; 
 Apile = pile’s cross-section area; 
 L = pile’s length. 
 























Where: S is the slope of the initial straight line of Cambefort First Law (Figure 79a).  
According to this coefficient a single pile foundation can be classified into short, 
intermediate or long (PÉREZ, 2014): 
 Short piles: the pile is considered short for k ≤ 2 values. In this case, the lateral 
resistance reaches its maximum value almost instantly from the top to the base of the 
pile; 
 Intermediate piles: the pile is considered intermediate for 2 < k < 8 values; 
 Long or compressible piles: the pile is considered long and deformable if k ≥ 8. i.e., 
the pile needs a load increment for the lateral resistance to be fully mobilized. 
 
2. Soil-Pile-Tip Relative Stiffness (m): This coefficient measures the relationship 








 T = the slope of the initial straight line of Cambefort's Second Law (Figure 74b); 
 At = pile’s tip cross-section area; 
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y1 = displacement required to fully mobilize the unit lateral resistance; 
Alr = shaft capacity at failure. 
 
According to  this coefficient, a single pile foundation can be classified into three types 
(Table 20) (MASSAD, 1993): 
 
Table 20 – Pile types as a function of the coefficient m (adapted from MASSAD, 1993). 
Piles’ Type Condition Meaning 
Elliptic m < 1 Tip stiffness deficiency 
Parabolic m = 1 Balanced tip rigidity 
Hyperbolic m > 1 Excessive stiffness at the tip 
 
Therefore, combining the expressions abovementioned with the Cambefort Laws it is 
possible to estimate both friction and tip resistance domains. In addition, it is possible to plot a 
theoretical load-displacement using a mathematical model (Massad’s Mathematical Model) and 
the cited coefficients (m, k, μ) for piles performed in homogeneous soils as well as for piles 
embedded in a competent stratum (MASSAD, 1992, 1993, 1995). It is noteworthy to emphasize 
that the μ coefficient is related to the appearance of residual loads after a load test or after a 
driven pile has been installed. This coefficient is always 1 ≤ μ ≤ 2. For drilled foundations on 
its first loading μ is equal to 1.0. Ghilardi (2005) synthesized the ranges that constitute the 
theoretical curve (Figure 80) proposed by Massad (1995): 
 Range 0 to 3: Beginning of the load transfer mechanism by lateral resistance, without 
any reaction of the piles’ tip. It corresponds to the pseudo-plastic phase of lateral 
resistance mobilization; 
 Range 3 to 4: Beginning of the movement at the end of the pile and consequently the 
initial mobilization of its resistance. This section of the theoretical curve can be adjusted 
by a parable for long/compressible or intermediate piles (k ≥ 2). For short piles, the 
curved region does not develop, and its shape resembles two intersecting straight lines 
(PÉREZ, 2014). 
 Range 4 to 5: Lateral resistance full mobilization throughout the total shaft’s length 
while the tip begins to fully mobilize its resistance through the pseudo-elastic regimen. 
Additionally, point 5 corresponds to the maximum mobilization of both lateral 
resistance and tip resistance; 
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 Range 5 to 6: Corresponds to the geotechnical failure load, where the tip resistance 
reaches its maximum value; 
 Ranges 6-7. 7-8 and 8-9: they correspond to the unloading phase or rebound, which is 
the reverse path of the Cambefort Laws. 
 
 
Figure 80 – Theorical load-displacement curve developed from pile’s head displacement (BARBOSA, 2019). 
Finally, studies such as those by Massad (1991a, 1991c, 1991b, 1995, 2001), Albuquerque 
(1996), Massad and Lazo (1998) and Musarra and Massad (2015) proved that there is a good 
fit between the theoretical and the full scale load-displacement curve and also good estimation 
of the tip and lateral resistance domains from the Massad's Mathematical Model. Furthermore, 
this approach is employed to validate and calibrate the results obtained by the instrumentation 
along the shaft (MUSARRA; MASSAD, 2015). 
 
2.5.2. Structural design of micropiles 
The ultimate axial capacity of a deep foundation element is basically dictated by two 
components: soil-pile geotechnical capacity and structural capacity. In order to obtain the 
service loads, a minimum factor of safety (FOS) equal to 2.0 for both structural and 
geotechnical capacities are usually adopted by NBR 6122/2019 and BS 8004/1986 and is given 
by the following equations: 
 












 PG-allowable = allowable geotechnical capacity; 
 PS-allowable = allowable structural capacity; 
 PG-ultimate = ultimate geotechnical capacity; 
 PS-ultimate = ultimate structural capacity; 
 FOS = factor of safety; 
 
Thus, from the values calculated from Eq. 16 and 17, the smallest of them should be adopted 
to ensure the safety of the foundation element. It is worth mentioning that the structural element 
is not always the most resistant material (CINTRA; AOKI, 2010). Piles supported on competent 
ground or slender micropiles with high grout-to-ground bond capacity may have a higher 
geotechnical capacity than structural resistance. 
The main aspects of the internal/structural axial resistance of micropiles will be summarized 
in this section. In addition, aspects such as strain compatibility between the grout and 
reinforcement (associated with grout failure and debonding effects), pile modulus 
determination as well as buckling phenomena will be analyzed considering their importance 
regarding the structural stability of the micropiles. 
 
2.5.2.1. Allowable axial capacity  
The maximum allowable structural load of a micropile is provided by the structural strength 
of the materials that compose it (ALONSO, 2016). In other words, the internal allowable load 
capacity of a micropile is a function of the area and strength of the materials of its cross-section 
area. 
It's well known that because of the micropile small cross-section area, its overall resistance 
depends more over the steel resistance than the grout resistance which is, in most cases, 
neglected (BRUCE; DIMILLIO; JURAN, 2016). However, according to Liew and Fong 
(2003), if there are effective "in situ" control measurements to ensure grout effectiveness during 
construction, it is possible to use the grout as well as additional reinforcement bars in order to 
enhance the allowable structural capacity of the micropile. 
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FHWA (2005) suggests removing flaky rust on steel bars or pipes, especially on the bonded 
length region in order to ensure a high bond capacity between the steel and grout interface since 
the main function of the grout component is to transfer the load from the steel reinforcement to 
the ground effectively, i.e., it must be intact in the working load's conditions as well as provide 
the proper bond capacity to both interfaces grout-to-ground and grout to reinforcement. 
In the majority of cases, the grout to steel bond stress does not control the micropile design 
since the ground-to-grout bond strength is usually the most fragile link for most soil conditions 
(FHWA, 2005). Nevertheless, when the surrounding soil is competent and provide higher 
values of grout-to-ground bond capacity (e.g., rock and stiff soils), the limit bond capacity of 
the steel/grout interface may exceed and, consequently, the interface may suffer a sudden 
slippage. This phenomenon was observed by Finno et al. (2002) and Bellato; D’Agostini and 
Simonini (2013). 
According to FHWA (1997), typical ultimate grout/steel design bond values would vary 
from 1.0 to 1.5 MPa for plain bar and steel tubes and 2.0 to 3.0 MPa for a deformed bar. Table 
21 shows the limit bond stress considering a cement grout of minimum compressive strength 
of 30 MPa and several types of reinforcement with different contact surface conditions. 
Additionally, in accordance with CEB-FIP Model Code (1990), the ultimate lateral resistance 
between the grout and a smooth reinforcing steel can be calculated as a function of the grout 
unconfined compressive strength (Eq. 18). 
 
     = 0.3 ×        (   ) [18] 
 
Table 21 – Ultimate grout-to-steel bond stress – τmax (apud LIEW; FONG, 2003). 
τmax Contact Surface Conditions 
1.000 kPa Clean and Plain Bar or Wire 
1.500 kPa Clean and Crimped Wire 
2.000 kPa Clean Deform Bar 
3.000 kPa Locally Noded Strand 
  
Therefore, the structural allowable load of a micropile is usually controlled by the structural 
strength of the micropile cross-section instead of the bond capacity between grout and steel. 
According to FHWA (2005), the allowable compression load of a micropile is given as: 
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             (    ) =  0.4      ×        + 0.47         × (     +        )  [19] 
 
Where: 
 PSC-allowable = allowable structural compression load; 
 fck28 = unconfined compressive strength of the grout (typically a 28-day strength); 
 Agrout = area of the grout in micropile cross-section (inside casing only, discount 
grout outside the casing); 
 Fy-steel = yield stress of steel; 
 Abar = cross-sectional area of steel reinforcing bar (if used); 
 Acasing = cross-sectional area of steel casing. 
 
For micropiles under tension loads, FHWA (2005) suggests the following equation: 
 
             (    ) =  0.55         × (     +        )  [20] 
 
Where: 
 PST-allowable = structural allowable tension load; 
 Fy-steel = yield stress of steel; 
 Abar = cross-sectional area of steel reinforcing bar (if used); 
 Acasing = cross-sectional area of steel casing. 
 
 
FHWA (2005) suggests that the maximum load in a static load test should not exceed 80% 
of the ultimate structural capacity of the micropile. The ultimate capacity for compression and 
tension load, respectively, should be calculated as follows:  
 
            (    ) =  0.85      ×        +          × (     +        )  [21] 
  
            (    ) =           × (     +        )  [22] 
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As reported by Alonso (2016), citing NBR 6122/2010, the allowable structural capacity of 
pressure-grouted micropiles is divided into two groups: 
 Micropiles which use steel reinforcement with yielding stress up to 500 MPa and steel 
percentage less than 6%: In this case, the micropile structural design must be done 
similar to reinforced concrete columns, i.e., both the buckling phenomenon as well as 
mortar/grout resistance must be considered; 
 
             (   ) =





 PSC-allowable = structural allowable compression load; 
Abar = cross-sectional area of steel reinforcing; 
 Fy-steel = yield stress of steel; 
 fck28 = unconfined compressive strength of the grout (typically a 28-day strength); 
 D = micropiles’ nominal diameter. 
 
 Micropiles which use steel reinforcement with yielding stress higher than 500 MPa and 
steel percentage greater than 6%: In this case, the contribution of the load capacity from 









 PSC-allowable = structural allowable compression load; 
Abar = cross-sectional area of steel reinforcing; 
Fy-steel = yield stress of steel. 
 
According to Alonso (1993), the coefficient of 0.9 used in Eq. 20 and 21 has as its main 
objective to guarantee the safety of the foundation element during load tests since during this 
test the foundation element must be loaded until it fails or at least up to twice it workload (NBR 
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12131. 2006). Therefore, it is assumed that during the load test only 90% of the steel yield 
strength will be mobilized. 
 Based on Alonso (2016), citing NBR 6122. for micropiles submitted to uplift, it is not 
necessary to verify cracking since a steel thickness reduction of 2.00 mm must be adopted in 
the steel cross-section area consideration. As a result, the allowable tensile load, according to 
NBR 6122/2019. is obtained by the expression (25) by discounting a sacrifice steel thickness 
of 2.0 mm from its reinforced bars and/or casing. 
 
             (   ) =





 PST-allowable = structural allowable tension load; 
A’bar = reduced cross-sectional area of steel reinforcing; 
Fy-steel = yield stress of steel. 
 
Lastly, in consonance with FHWA (2005), extra attention regarding on the effects of 
coupled sections (threaded joints) on tensile capacity is needed. According to this code: 
 “Unlike compressive stresses, tension stresses have a greater impact 
on the integrity of the casing at the joint location primarily because of the 
reduced thickness of the casing over the length of the threaded area. Currently, 
no specific testing standard exists for evaluating the tension capacity of a 
threaded casing joint appropriate for micropile applications.”. 
 
Furthermore, the same code suggests that if loads greater than 25% of the allowable tension 
load are designed to be resisted by the existing steel casing tubes with threaded joints, the 
contract Owner should require the manufacturer to provide data demonstrating the structural 
resistance of the steel tubes joints. 
 
2.5.2.2. Pile modulus determination 
In the absence of instrumented load tests, the pile modulus can be estimated using the 
transformed area formulation (FHWA, 2005). In this method, the theoretical pile modulus (Epile) 
is a combined modulus of the steel and the grout materials, normally proportional to modulus 
and area (Fellenius, 2019). Equations 26 and 27 present the formulation for compression and 
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tension loads, respectively. It is worth noting that the grout's stiffness contribution is neglected 
in piles submitted to tension loads. Finally, Egrout is typically overestimated in practice 
(CADDEN et al., 2004).  
 
     (           ) =










 Egrout = grout secant modulus; 
Agrout = cross-sectional area of the grout; 
Esteel = Steel modulus ~ 205 GPa; 
Asteel = cross-sectional area of steel reinforcing; 
 
On the other hand, in the case of instrumented load tests, the pile module can be defined by 
the tangent and secant methods defined by Fellenius (2019) and which will be discussed in 
greater detail later. According to Lam and Jefferis (2011), which analyzed the methods of pile 
modulus determination available at the time, the secant modulus method was found to be the 
most satisfactory to derive the load of the pile cross-section area along the depth (load transfer 
mechanism). The tangent modulus method proved to be adequate, especially for investigating 
the effect of a partial steel casing. Based on the authors, the transformed area formulation had 
the worst approximation of the pile modulus, probably due to the chosen criteria for obtaining 
the concrete specimens “in-situ”. 
 
2.5.2.3. Strain compatibility between grout and steel reinforcement 
Besides the calculation of the allowable monotonic load for a given micropile cross-section 
area, it is also necessary to ensure strain compatibility between the composite materials in order 
to avoid debonding of the steel/grout interface. According to Liew and Fong (2003), if the grout 
fails due to excessive stress before the reinforcement reaches its allowable axial stress, 
progressive debond between grout/reinforcing interface may occur. Furthermore, elastic 
deformation at the debonding segment may increase which will lead to a reduction of the load 
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transfer efficiency at the grout-to-ground interface. Finno et al. (2002), and Holman and 
Barkauskas (2007) experienced this type of phenomenon while applying full-scale load tests on 
micropiles. 
It is worthy to state that the term “debonding” is used to explain the physical separation 
between two surfaces of an interface (loss of steel/grout adhesion). This event is mostly like to 
be associated with loss of interface shear resistance (CADDEN et al., 2004). Essentially, the 
debonding effect occurs when there is relative displacement between the micropiles material 
(strain incompatibility) when the foundation is subject to axial loading. On other words, based 
on Cadden et al. (2004): 
“When a micropile is subject to axial loading, relative interface displacement 
in the direction of the load may take place along the reinforcement-to-grout, or 
along the ground-to-grout interfaces. This process is not necessarily 
accompanied by full loss of interface shear strength, as the two materials at 
each interface may remain in contact. However, the nonlinear response of 
grout-ground interface to relative displacement and post-peak reduction of 
bond strength may induce a non-uniform bond stress distribution along the 
micropile that progressively shifts deeper along the pile under increasing or 
cyclic loads”. 
 
Based on Gómez et al. (2005) the bond strength of a steel to grout interface of a micropile 
depends on three internal components: adhesion, direct bearing/contact on surface irregularities 
and friction. According to the authors, it is reasonable to affirm that the drop in bond strength 
after a peak value is due to loss of adhesion and bearing and, therefore, the residual bond stress 
after greater displacements is essentially by frictional behavior. The adhesion between the 
grout/casing interface is potentially governed by the strength of the grout. Afterward the failure, 
the adhesion tends to reach zero and the bond capacity is controlled by friction, solely. Lastly, 
the friction component of the bond strength increases with compression loads while it decreases 
with tension loads (LITTLEJOHN; BRUCE, 1977). 
The phenomenon of bond stress reduction from a peak to a residual value may occur in a 
brittle manner, especially near the pile’s head during a load test if the top of the micropile is not 
protected by a steel casing (LIEW; FONG, 2003). As stated by the authors, if the ground stratum 
provides reliable confinement this effect may be insignificant. Therefore, when a friction 
micropile is designed some considerations must be made in order to avoid issues such as largely 
elastic shortening, debonding effects, reduction of effective composite section and 
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unsatisfactory load transfer. According to Liew and Fong (2003), effective solutions for these 
problems are: 
 Provide permanent steel casing to confine the grout as higher strength and stiffness are 
expected in full confinement material (at least in the upper portion of the ground stratum 
which is usually related to less soil confinement); 
 Downgrade the micropile axial stress to an admissible strain limit value of grout by 
decreasing of pile capacity or increase of reinforcement; 
 
According to FHWA (2005), with the purpose to guarantee the strain compatibility between 
the steel components (bars and/or casing) and grout (annulus grout and/or inner grout), it is 
necessary to restrict the allowable stresses to the minimum allowable for each structural 
component. Hence, the maximum yield stress of steel to be used in one of the equations of the 
section 2.5.2.1. is the minimum of: 
 Yield stress of casing; 
 Yield stress of steel bars; 
 Maximum stress before grout failure. 
 
Based on Liew and Fong (2003),  the recognized value for maximum compressive strain 
(εmax) at the last concrete compressed fiber is in the range of 2.0 x10-3 to 3.5 x 10-3.  AASHTO 
(2002) suggests a maximum usable strain at the extreme concrete compression fiber of 0.003. 
Consequently, assuming an average value of εmax equal to 0.003 for the grout component, the 
steel elements must also be limited to this value (FHWA, 2005). 
Finally, tables 22 to 25 present the dimensions and yield strength of the most common steel 
reinforcement used in the micropile foundation according to FHWA (2005). 
 
Table 22 – Dimensions, Yield, and Ultimate Strengths for Standard Reinforcing Bars (adapted from FHWA, 
2005). 
Steel Grade Rebar Size, mm (in) Area, mm² (in²) 
Yield Strength, kN 
(kip) 
Grade 420 (1) 
19 (#6) 284 (0.44) 117 (26) 
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Grade 520(2) 
19 (#6) 284 (0.44) 147 (33) 
22 (#7) 387 (0.60) 200 (45) 
25 (#8) 510 (0.79) 264 (59) 
29 (#9) 645 (1.0) 334 (75) 
32 (#10) 819 (1.27) 424 (95) 
36 (#11) 1006 (1.56) 520 (117) 
43 (#14) 1452 (2.25) 751 (169) 
57 (#18) 2581 (4.0) 1335 (3000) 
Grade 550(3) 63 (2.5 in) 3168 (4.91) 1747 (393) 
Note – (1)Grade 420 steel has yield stress of Fy-steel = 420 MPa (60 ksi) and tensile strength of Fy-steeltensile = 620 
MPa (92 ksi); (2)Grade 520 steel has yield stress of Fy-steel = 520 MPa (75 ksi) and tensile strength of Fy-steeltensile 
= 690 MPa (102 ksi); (3)Grade 550 steel has yield stress of Fy-steel = 550 MPa (80 ksi) and tensile strength of Fy-
steeltensile = 700 MPa (104 ksi). 
 














32 (#10) 819 
(1.27) 
424 (95) 
36.3 (1.43) 6.41 (4.30) 
36 (#11) 1006 
(1.56) 
520 (117) 
40.9 (1.61) 7.91 (5.31) 
43 (#14) 1452 
(2.25) 
751 (169) 
47.2 (1.86) 11.39 (7.65) 
57 (#18) 2581 
(4.0) 
1335 (300) 
63.5 (2.5) 20.24 (13.6) 
550(2) 
63 (2.5 in) 3168 
(4.91) 
1747 (393) 
69.1 (2.72) 24.86 (16.7) 
 
Note – (1)Grade 520 steel has yield stress of Fy-steel = 520 MPa (75 ksi) and tensile strength of Fy-steeltensile = 690 
MPa (100 ksi); (2)Grade 550 steel has yield stress of Fy-steel = 552 MPa (80 ksi) and tensile strength of Fy-steeltensile 
= 700 MPa (102 ksi). 
 
 
    139 
 













MAI R25N 150 (33.7) 200 (45) 14 (0.55) 25 (1.0) 2.6 (1.74) 
MAI R32N 230 (51.7) 280 (63) 
18.5 
(0.73) 
32 (1.25) 3.4 (2.28) 
MAI R38N 400 (90) 500 (112.4) 19 (0.75) 38 (1.5) 6.0 (4.0) 
MAI R51N 630 (141.6) 800 (179.8) 33 (1.3) 51 (2.0) 8.4 (5.64) 
IBO-TITAN 
30/16 
180 (40.5) 220 (49.5) 16 (0.63) 30 (1.18) 2.7 (1.8) 
IBO-TITAN 
32/20 
244 (54.9) 291 (64.5) 20 (0.79) 32 (1.26) 3.2 (2.15) 
IBO-TITAN 
40/16 
525 (118) 660 (148.4) 16 (0.63) 40 (1.57) 7.0 (4.63) 





2282 (513) 78 (3.07) 103 (4.05) 24.9 (16.7) 
 
 
Table 25 – Dimensions and Yield Strength of Common Micropile Pipe Types and Sizes (adapted from FHWA, 
2005). 
API N-80 Pipe – Common Sizes 

































Yield Strength (3), kN 
(kip) 





Note – (1)Casing outside diameter (OD) and wall thickness (t) are nominal dimensions (2)Steel area is calculated as 
As = (π/4) × (OD2 - ID2); (3)Nominal yield stress for API N-80 steel is Fy-steel = 552 MPa (80 ksi). 
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2.5.2.4. Grout design consideration for micropiles 
It becomes increasingly apparent the importance of the grouting procedure on the impact of 
the bearing capacity of grouted micropiles since this element will be primarily responsible to 
transfer the structural loads to the surrounding soil.  Therefore, a rigorous construction control 
over the method of grouting needs to be assured during the construction of micropiles in order 
to establish a favorable grout-to-ground bond development with high lateral resistance. 
The quality grout control begins with a careful inspection of the composite materials that 
constitute the grout structure, a proper design of its mechanical resistance and finally, the 
verification of its characteristic resistance based on the collection of field samples to be tested 
in the laboratory (conformance testing such as: cylinder compression and grout density testing). 
In general, the grout mixture is a composite formed by a combination of cement and water, and, 
sometimes, fine sand and superplasticizers to improve the workability. According to (FHWA, 
1997), some of the purposes which the grouting operation is of the critical importance are: 
 It transfers the structural loads between the reinforcement and the adjacent soil; 
 It may form part of the structural cross-section of the pile; 
 It has the capability to offer protection against steel corrosion; 
 Its effects may extend beyond filling the borehole, i.e., enhanced soil properties by 
permeation, densification, and/or fissuring. 
 
It can be stated, therefore, that a grout composite needs to incorporate four distinct 
properties: fluidity, strength, stability, and durability (FHWA, 2005). Basically, all of them are 
intrinsic dependent on the water-cement ratio (W/C). Usually, the grout’s W/C ratio for 
micropiles is on the range of 0.35 to 0.6 in normal soil conditions and less than 0.45 for low 
permeable soils (LIEW; FONG, 2003). Furthermore, according to Liew and Fong (2003), the 
use of anti-shrinkage additives is recommended in practice to reduce grout shrinkage. 
Lemos et al. (2014) studied the main properties of neat cement grout used in micropile 
design in order to determine its performance characteristics such as fluidity, exudation, volume 
variation, compressive strength, and elastic modulus. According to the author, the specimens 
that were subjected to analysis were prepared with the following materials: Portland cement, 
water-reducing admixtures, and an expansive additive, all in different proportions. The 
experimental study described by the authors provided some conclusion regarding micropiles 
neat cement grout performance characteristics: 
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 The W/C ratio plays a major role in the exudate effect and the grout strength, while a 
lower W/C ratio leads to lower exudate values and higher compressive strengths. In 
addition, admixtures are indispensable in the composition of the grout, improving their 
performance; 
 The use of super plasticizing admixtures reduces the W/C ratio with good flowability. 
Therefore, the inclusion of both water-reducing and expansive admixtures in the 
composition of the grouts allows to control the volume variation; 
 The compressive strength of the grout ranged from 16 MPa on the first day of cure to a 
value of about 53 MPa on the twenty-eighth day. Likewise, the neat cement grout 
modulus of elasticity ranged from 7.81 MPa in the first day of curing to 13.45 MPa on 
the twenty-eighth curing day; 
 For sealing micropiles in existing foundations, grout with a W/C ratio of 0.4 with high 
compressive strengths and a high modulus of elasticity should be used. 
 
Figures 81. based on Littlejohn and Bruce (1977) study on rock anchors, illustrate the effect 
of water content on grout compressive strength and flow properties: 
 
Figure 81 –– Impacts of W/C ratio over Grout Compressive Strength and Flow Properties (LITTLEJOHN; 
BRUCE, 1977). 
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2.5.2.5. Buckling considerations for micropiles 
Since micropiles are habitually performed into dense/hard soil and hard rocks, their capacity 
is commonly governed by the structural capacity of the foundation element instead of by the 
grout-to-ground geotechnical bond capacity (CADDEN; GÓMEZ, 2002). Therefore, it is 
reasonable to believe that, if the presence of soft or weak soil (e.g., very soft sedimentary 
deposits), voids (e.g., karstic stratum), or liquefiable soils is confirmed by the geotechnical 
investigation, buckling may potentially command the load-carrying capacity of a micropile 
(FHWA, 2005). In this instance, buckling effects must be evaluated in the structural design in 
order to provide structural reliability to the micropile foundation. 
According to Alonso (1996), the sudden failure of pressure injected micropiles, when 
subjected to load tests, is commonly associated with their buckling. The author suggests that 
before performing a load test up to the micropiles’ failure, the extent of the failure load should 
be analyzed and compared with the structural capacity of the micropile. Besides, splicing 
conditions of the longitudinal reinforcement (weld, threaded gloves, or bar overpassing) 
employed in the pile construction process must be checked in order to ensure mechanical load 
transfer between the structural elements. Finally, the most unfavorable case for buckling is 
when slender piles are embedded in a stratum in which there is no minimum stiff topsoil layer 
that inhibits the instability process, i.e., where highly deformable and low strength soil layer 
(very soft or soft clay) occurs near the surface (ALONSO, 1996). 
Bjerrum (1957) addressed the buckling behavior of steel piles of different cross-sections 
(bars, rails, and "H" sections) performed in tradition Norway soil conditions, i.e., soft clay 
overlying a hard and often steeply inclined rock surface. According to the results of the buckling 
tests alongside with theoretical methods present at the time, the author concluded that even very 
soft clays could provide enough lateral confinement to prevent the buckling phenomenon of 
almost all pile sections. The theoretical methodology approach used by the researcher is 
provided below considering straight piles with a constant cross-section area embedded in 
homogeneous soil. 
1. The principle to calculate the buckling load is to consider the moment of failure 
supposing that the pile will buckle into a sinusoidal curve with a number of half-waves 
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Where: 
 Pcrit = critical compression load value that produces buckling effects; 
Epile = modulus of elasticity of the pile material; 
 I = minimum moment of inertia of the pile; 
 l = “unsupported” length of the pile; 
 Esoil = modulus of lateral reaction of the soil over the “unsupported” length. It should be 
noticed that Esoil is equal to the horizontal subgrade reaction (Ksoil), proposed by Terzaghi 
(1955), multiplied with the width of the pile. 
 
2. In the Eq. 28 the “unsupported” length of the pile has to be introduced with the value 
which gives a minimum Pcrit in a elastic medium. This value, which is called the critical 
length of the pile (l0), is: 






3. Introducing this value in the expression [28] for Pcrit: 
 
      = 2             [30] 
  
Eq. 30 allows to calculate the buckling load of a ordinary pile if the modulus of lateral 
reaction of the soil is known. According to Bjerrum (1957), it is possible to address a criterion 
to decide whether or not buckling should be considered in the pile structural design. This 
criterion is: 
 
         ≥        [31] 
 
Where: 
σmax = yield stress of pile material; 
 Apile = cross-sectional area of pile; 
 
It can be concluded that the danger of buckling of straight piles can be ignored. This is to 
say that buckling only needs to be considered if: 










 I = minimum moment of inertia of the pile; 
 Apile = cross-sectional area of pile; 
 σmax = yield stress of pile material; 
Esoil = modulus of lateral reaction of the soil; 
Epile = modulus of elasticity of the pile material; 
 
It is possible to rewrite Eq. 32 in order to obtain the value of EsoilLIMIT, which is the limit 
















 EsoilLIMIT = limit lateral reaction soil modulus for buckling; 
I = minimum moment of inertia of the pile; 
Apile = cross-section area of the pile; 
Epile = modulus of elasticity of the pile material; 







     = Pile Factor; 
 
Based on FHWA (2005), when analyzing a pile subject to axial loads, if the EsoilLIMIT value 
is lower than the measured or estimated soil modulus (Esoil) then either the geotechnical or 
structural strength of the micropile will command the micropile bearing capacity. Therefore, in 
this condition, buckling is not a concern and does not need to be investigated further. Otherwise, 
if the EsoilLIMIT value is greater than Esoil, buckling phenomenon should be considered carefully. 
In this instance, for the last condition (EsoilLIMIT > Esoil), the allowable compression load 
described in Eq. 19, considering the buckling effects, should be calculated as follows: 
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 Fa = is the allowable stress which is calculated as follows: 
 If 0 <
  × 
  













 If  
  × 
  















Ke = effective length factor, assumed equal to 1.0 for micropile design according to 
FHWA (2005); 
l = unsupported length of the micropile; 
rt = radius of gyration of the steel section only = (I/A)1/2; 
FOS = factor of safety = 2.12,  according to FHWA (2005); 
Fy-steel = yield stress of steel. 
  
Hence, considering this analysis, the unsupported length of the micropile is commonly 
adopted as the thickness of the weak soil surrounding the micropile and the effective length 
factor is conservatively assumed to be 1.0 (FHWA, 2005). 
For a quick buckling evaluation of micropiles subject to centered load, Eq. 33 is represented 
graphically in Figure 82. In this graph, provided by Cadden and Gómez (2002), it is possible to 
combinate several types of micropiles alongside with the lateral reaction modulus of the 
surrounding weak soil by a point in the diagram. Based on the authors, a point located to the 
right of the diagonal line will fail under compression before it buckles while a point located to 
the left of it may buckle before it fails in compression.  
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Figure 82 – Chart for approximate buckling evaluation of centered loaded micropiles (CADDEN; GÓMEZ, 2002). 
 
In order to estimate Esoil values for preliminary structural design and buckling check, 
FHWA (2005) provides the following tables with ranges of Esoil values for several types of 
soils.  
 
Table 26 – Esoil values of various soils based on soil type (adapted from FHWA, 2005). 
Soil Type 








14400 – 48000 
48000 – 96000 
Loess 14400 – 57500 






7600 – 11500 
1500 – 19000 






9600 – 29000 
29000 – 96000 
96000 – 176000 







29000 – 76000 
76000 – 96000 
96000 - 192000 
 
Table 27 – Esoil values of various soils based on SPT N Value (adapted from FHWA, 2005).  
Soil Type Equivalent Elastic Modulus (kPa) 
Silts, sandy silts, slightly 
cohesive mixtures 
400(N1)60 
Clean fine to medium sands 
and slightly silty sands 
700(N1)60 
Coarse sands and sands with 
little gravel 
1000(N1)60 
Sandy gravels 1200(N1)60 
 
It is also possible do derive Esoil from the Dilatometric Marchetti Test (DMT). The values 
used from the data provided from the DMT are the average values of the Dilatometer modulus 
(ED), the Material index (ID) and the Horizontal stress index (KD). 
According to Marchetti et al. (2006), in order to calculate the Young’s modulus of the soil 
(Esoil), the Vertical Drained Constrained Modulus (MDMT) shall be calculated first. The MDMT 
is a function of a correction constant (RM) and the Dilatometer modulus (ED) of the soil, as it 
can be observed in the following equation. 
 
     =     ×    [38] 
 
The correction function (RM) for a soil with a  Material index (ID) between 0.6 and 1.3 is a 
function of another correction function (RM0) and the Horizontal stress index (KD) of the soil 
(Eq. 39). For different ranges of ID see Marchetti et al. (2006) and Schnaid (2009). 
 
   =     + (2.5 −    ) ×       [39] 
 
Finally, RM0 is a function of the soil Material index (ID) as it can be seen in the next equation. 
 
    = 0.14 + 0.15 × (   − 0.6) [40] 
 
Based on Marchetti et al. (2006), the Young’s modulus of the soil is: 
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      =
(1 +  ) × (1 − 2 )
(1 −  )
×      [41] 
 
Hence, for an average soil Poisson’s ratio of ν = 0.25-0.30, Esoil can be estimated as: 
 
      = 0.8 ×      [42] 
 
Figure 83 provides a summary chart of limit lateral reaction soil modulus values associated 
with several micropile materials. It is noteworthy to state some conditions to apply the 
abovementioned method: (1) constant cross-section area of the micropile and (2) there are no 
horizontal loads or moment applied to the micropile’s head. Lastly, according to Cadden and 
Gómez (2002), this method does not consider the contribution of the grout in the micropile 
element, and is therefore conservative. 
 
Figure 83 – Limiting Lateral Modulus Values for Various Micropile Materials (CADDEN; GÓMEZ, 2002).  
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Another concern regarding the buckling effects in steel casing micropiles is the induced 
failure that may occur at the casing joints once the thickness of it is usually one half that of the 
casing wall thickness (FHWA, 2005).  According to Cadden and Gómez (2002), cased 
micropiles are generally performed in 1.5 or 3.0 m sections through flush threaded joints. Thus, 

















     [43] 
Where: 
Ijoint = moment of inertia of the reduced joint section; 
Apile = cross-section area of the pile; 
Esteel = modulus of elasticity of the casing material; 
 Fy-steel = yield stress of steel; 
 OD = steel casing outside diameter; 
 ID = steel casing inner diameter; 
 tw = reduced joint thickness. 
  
The Federal Highway Administration (2005) also states that: 
“…this method is conservative since it assumes that the micropile 
stiffness is equivalent to that of the joint over the entire length of the 
unsupported micropile. More detailed structural analyses could be carried out 
that only use the reduced casing stiffness over the length of the joint, however, 
these are relatively complex and beyond the scope of this report. As a practical 
consideration, however, micropiles installed through karst must be designed 
for buckling, considering the presence of the casing joints, or should include 
installation of continuous internal reinforcement along portions of micropile 
traversing voids or very soft or loose soil.” 
Finally, the following recommendations should be incorporated into the pile design process 
in order to avoid buckling phenomenon: 
 The ratio of the applied axial load to the critical buckling load  (P/Pcrit)  should 
be limited to 1/3 in order to provide a safety margin on buckling 
(BHATTACHARYA; BOLTON, 2004); 
 The slenderness ratio of the piles, SR = L/(I/A)0.5 (where L is the effective pile 
length within the weak soil layer, I the moment of inertia, A the pile cross-
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sectional area), in the buckling zone should be ≤ 50 in order to avoid buckling 
effects (BHATTACHARYA; BOLTON, 2004) ; 
 Fully embedded piles, if very slender and performed in low resistance soil, must 
be checked for buckling (VELLOSO; LOPES, 2016); 
 Possible constructive deviations that enhance buckling instability should be 
evaluated such as pile location deviations, eccentricity, splicing deviations, 
unforeseen pile inclination and cross-section reduction by corrosion of the steel 
element (FHWA, 2005; VELLOSO; LOPES, 2016). 
 
2.5.2.6. Combined stress evaluation of micropiles 
The application of lateral loads as wind forces or earth lateral pressure can result in 
overturning moments at the ground surface inducing bending stresses in the micropile, 
especially at the uppermost cross-section area (FHWA, 2005). In addition, static load tests can 
also induce bending moment if the applied load is eccentric regarding the micropile's centroid. 
These bending stresses cause additional compressive stresses in the upper region of the 
micropile. When a micropile is subjected to both axial and bending stresses, the resulting 
allowable stress in the cased length of the micropile needs to be evaluated using a combined 
stress evaluation (FHWA, 2005). 
Based on NBR 6122/2019, the plastification of either the soil or the structural cross-section 
area may occur when there are horizontal forces or moments applied to the top of piles or 
caissons. In view of that, the design of a deep foundation element must consider this behavior 
when checking the security of both ultimate limit states and service limit states. In addition, the 
Brazilian standard points out that additional moments caused by executive eccentricities greater 
than 10% of the smallest dimension of the pile must be reassessed in order to assure the stability 
of the structural elements involved. Otherwise, if the eccentricities are smaller than 10% 
reassessment is not required. 
According to FHWA (2005), the combined allowable stress evaluation for micropiles can 
be performed with the method proposed by AASHTO (2002) or by the method suggested by 
Richards and Rothbauer (2004). The first one results in conservative values because it considers 
that the entire axial load is carried only by the steel casing while the second one can also account 
for the contribution of the grout placed inside the steel tube. 
According to AASHTO (2002), the design check for combined stresses is: 
 














 fa is the axial stress = PSC-allowable/Acasing; 
 fb is the bending stress = Mmax/S where S is the elastic section modulus of 
the steel casing; 
 Fa is the allowable axial stress that would be permitted if axial force alone 
existed = 0.47 Fy-casing; 
 Fb = is the allowable bending stress that would be permitted if bending 
moment alone existed = 0.55 Fy-casing; 
 F′e is the Euler buckling stress. 
 











 Esteel = elastic modulus of the steel casing = 205 GPa (approximately); 
 FOS is a factor of safety equal to 2.12 (AASTHO, 2002); 
 Ke = effective length factor (assumed equal to 1.0); 
 l = unsupported length of the micropile (assumed to be the thickness of the weak soil 
surrounding the micropile); 
 rt = radius of gyration of the steel casing. 
 






































≤ 1.0 [50] 
 
Where: 
 Pc = maximum axial compression load; 
 PSC-allowable is determined from Eq. 19; 
 Mmax = maximum bending moment in the micropile; 
 Mallowable = Fb (=0.55 Fy-steel) × S. 
 
It is worth mentioning that if the tube has threads along its length, the maximum moment 
in the section will be reduced and can be calculated as: 
 
     (     ) =        ×  1 −
  
  
  ×  1 −
  
 ′ 
  ×    [51] 
 















Where tw is the wall thickness of the threaded casing joints which in turn is estimated to be 
50% of the intact wall thickness casing. 
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Lastly, overturning moments applied at the ground surface will usually be carried by the 
portion of the micropile from the ground surface down to a depth on the order of 20 micropile’s 
diameter; below that depth bending moments will usually be negligible. 
 
2.6. Pile load testing 
As highlighted in previous sections in order to predict the behavior of a deep foundation in 
both service and ultimate conditions, a pile test program should be considered as a part of the 
foundation design and construction process.  
In this extent, Albuquerque (1996) justifies the importance of loading test to confirm the 
design considerations in face of the inherent difficulty in establish the properties of the soil 
where the foundations will be performed, the changes in the initial conditions of the soil mass 
caused by the foundation construction process and the complex behavior of the pile-soil 
interaction alongside with complex numerical or analytical modeling. 
Loading tests can be performed in several manners in order to apply the real load condition 
over the foundation element. Vertical or inclined loads, compression or tension, horizontal 
loads as well as cyclic loads are the most applied load conditions trying to reproduce the 
foundation’s operating environment (ALBUQUERQUE, 1996, 2001). In summary, they can be 
divided in: 
 Plate bearing test; 
 Static pile loading test; 
 Dynamic pile testing. 
 
When it comes to pile loading test, it can be applied in different stages of the construction. 
They are conveniently separated into two types of tests: (1) loading tests performed prior to the 
contract and (2) tests carried out during the construction stage (FLEMING et al., 2009). The 
first type is usually installed and tested to prove the suitability of the piling system and to 
confirm the design parameters obtained from the site investigation. The second type aims to 
ensure both that no failure will occur on workload condition and guarantee structural integrity 
of the pile element. The piles subjected to the first type of loading test are usually called “Pre-
contract”, “Pre-production” or “Verification” piles while the second type is typically called 
“Proof” or “Production” piles (FHWA, 2005). 
According to Albuquerque (2001), there are five main reasons that support the importance 
of performing a load testing in a pile foundation: 
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 To ensure that no failure will occur for the designed workload; 
 To evaluate the structural integrity of the foundation element; 
 To interpret the failure load and compare it with the theoretical formulation in order to 
calibrate the design criteria; 
 To understand the load x displacement behavior of a single pile, especially when it 
comes to the workload condition; 
 To evaluate the load transfer mechanism along piles’ length (instrumented piles). 
 
Based on Fleming et al. (2009), static load testing of piles is the most adopted method of 
checking the performance of a single pile foundation, and therefore it will be used to assess the 
micropile performance of this work. Nevertheless, the authors also emphasize that dynamic 
testing of driven pile is also common, and it can be of great use in offshore installations where 
a high-capacity load is usually not possible to be carried out under static loading testing. 
There is an absolute consensus in the geotechnical community that static load testing of 
piles is the best and most reliable approach to evaluate the behavior of a foundation element 
(DÉCOURT, 2008). However, the statistical analyses of this test are difficult to approach due 
to its small range of elements tested in a site, since the test involves high costs and time for its 
execution (ALBUQUERQUE, 2001). 
In terms of micropile load testing, FHWA (2005) suggests the execution of “Pre-
production” tests in order to verify the assumptions adopted in the design phase concerning 
bond zone length, lateral resistance as well as the adequacy of the contractor’s installation 
methods. Additionally, according to the report, this testing is typically performed as the first 
order of work under the construction contract. Therefore, only after the design estimations and 
the adequacy of the contractor’s installation method have been verified, the “Production” 
micropiles can be constructed. 
According to Tomlinson and Woodward (2015), if a complex ground condition associated 
with high risk is presented by the geotechnical investigation, it is suggested that as a design 
check, at least one preliminary fully instrumented static pile test (“Pre-production” test) be 
undertaken for every 250 working piles and 1%–2% of the working piles proof loaded. 
Furthermore, for new piling installation methods and to satisfy EC7. the authors state that this 
frequency may need to be increased. 
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Therefore, another classification of static loading test emerges and is related to the presence 
or absence of instrumentation along the length of the pile. Details regarding both classifications 
will be discussed in the next sections. 
 
2.6.1. Conventional static load test 
According to Albuquerque (2001), this type of loading test is defined as the application of 
successive loading stages to the foundation element, in a controlled manner, through a reaction 
system and with simultaneous monitoring of the respective displacements.  Pile’s head 
movement are obtained by means of a deflectometer/dial gauges (analogical clocks or Linear 
Variable Differential Transformer - LVDT) installed on top of the pile’s concrete cap (SILVA, 
2011). Frequently, the most used benchmark for displacement measures consists of a pair of 
metal or wooden beams (reference beams) that rest on fixed points sufficiently distant from the 
area of influence of the tested element with the purpose of avoiding undesirable disturbance. 
The loads are obtained by load-to-pressure ratio of a calibrated pressure gauge connected to a 
hydraulic pump-jack. In order to obtain reliable load measures with greater precision, a load 
cell can also be used (NOGUEIRA, 2004). 
Cintra et al. (2013) summarize the conventional static load test as a progressive application 
of the load at the top of the pile causing the mobilization of the geotechnical resistance of the 
soil/pile system promoting the reaction system equilibrium. According to the authors, reaching 
an ideal failure of the soil/pile interface would be to reach the maximum mobilizable resistance 
of both geotechnical components (shaft and tip resistance), with incessant axial displacement. 
Therefore, at each stage the value of the resistance mobilized by the pile/soil interface is 
quantified, which, by the principle of action and reaction, is equal to the applied load.  
In addition, at each stage, at predetermined times, displacement measures are taken by 
means of four dial gauges installed in the pile’s head cap and fixed in metal reference beams 
by hinged magnetic bases (CINTRA et al., 2013). Based on the authors, the arithmetic mean of 
these measures indicates the axial movement of the pile for that stage time. Since the concrete 
cap can move unevenly, it takes at least three readings to calculate the mean value. Lastly, 
according to the authors experience, four dial gauges are normally used for displacement 
measures as one of them may not work properly during the load test. 
As the end product of a conventional static load test, a load-displacement curve (Figure 84) 
is obtained where P is the load applied to the pile’s head and ρ is the axial movement at the top 
of the pile. This curve is adjusted by the end points of each stage where the axial movement is 
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stabilized – corrected load x displacement curve (stabilization of the creep movement) 
(CINTRA et al., 2013). 
 
Figure 84 – Load-displacement curve with loading stage representation (adapted from CINTRA et al., 2013). 
 
Based on FHWA (2005), for compression testing, the load is applied by hydraulically 
jacking against a beam that is anchored by piles, micropiles, ground anchors (Figure 85), or by 
jacking against a weighted platform formed by kentledge blocks (Figure 86). For uplift tests, 
this report indicates that the loads are applied by centering the hydraulic jack on top of a test 
beam and jacking against a reaction frame connected to the micropile to be loaded (Figure 87). 
Figure 66, from Qian and Lu (2011), also illustrates the reaction system of both compressive 
and tensile load performed on micropiles. It is noteworthy to state the proximity of the reaction 
piles may affect the result of the tested pile. To this extent, NBR 12131/2006 requires a 
























Load - P (kN)
Load x Displacement Corrected Load x Displacement
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Figure 85 – Schematic of compression load test using piles for reaction (adapted from FHWA, 2005). 
 
 
Figure 86 – Schematic of compression load test using kentledge for reaction (TOMLINSON; WOODWARD, 
2015). 
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Figure 87 – Schematic of tension load test using piles for reaction (adapted from FHWA, 2005). 
 
Extra care should be considered at the top of the pile as this is where the highest stresses 
will be concentrated during the load test. Bearing plates or pile concrete cap must be designed 
accordingly in order to eliminate any eccentric load. Works such as Polido, Castello and Alledi 
(2000) and Russo (2004) indicate that instability may occur in this type of structure due to 
possible eccentricities or overloading of the pile’s head causing its plastification. FHWA (2005) 
suggests the use of top bearing plates and stiffer plates with the purpose of ensuring internal 
stability (Figures 85 and 88). According to this report, the stiffener plates provide bending 
strength to the plate and, therefore, provide additional weld length for transferring the load from 
the bearing plate to the pile casing. 
 
Figure 88 – Schematic bearing plate and stiffener plate installed at the top of the pile (adapted from FHWA, 2005). 
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 NBR 6122/2019  requires the performance of the static load test from a certain number of 
piles per working site, taking into consideration the type of pile and the magnitude of stress in 
which the top of the pile will be submitted. For micropiles, the total number from which a static 
load testing is mandatory is 75. For a site where the number of micropiles exceed this number, 
NBR 6122/2019 indicates that a number of load tests equal to at least 1% of the total number 
of piles is required. Additionally, if the micropile is subjected to tensions at its head greater 
than 15 MPa, the Brazilian standard requires a mandatory static load testing even if the number 
of the micropiles executed at the working site is less than 75. 
FHWA (2005) suggests the application of the same requirement used to driven piles in order 
to obtain the minimum number of productions micropiles to be tested. Table 28 presents the 
recommendations of this report: 
 
Table 28 – Recommendations on minimum number of test micropiles for proof testing (adapted from FHWA, 
2005). 
Application Proof Test Frequency 
Underpinning Application 1 micropile proof test per substructure unit 
Seismic Retrofit 1 micropile proof test per substructure unit 
Structural Support of New Construction 
1 micropile proof test per substructure unit, 
but not less than 5% of total production 
micropiles 
Slope Stabilization 
2% of total production micropiles to a test 
load of 2.0 times Pu 
 
Finally, NBR 6122/2019 establishes four types of static loading test: Slow Maintained Load 
Test (SMLT), Quick Load Test (QLT), Mixed Load Test (MLT) (SLT followed by QLT) or 
Cyclic Load Test. The tests vary basically in the form and time of application that each load 
stage is placed on the top of the pile. According to Albuquerque (2001), among the 
aforementioned types of static loading test, the SMLT is the one that best represents the 
foundation behavior and, therefore, it will be used to analyze the micropile’s behavior of this 
work. In summary, the slow static load testing consists of the following processes: 
 The load shall be applied at successive stages equal to or greater than 20% of the 
predicted pile workload and maintained until displacement stabilization is achieved, 
with a minimum duration of 30 min; 
 The total displacement in each stage must be measured and noted after 2, 4, 8, 15, and 
30 minutes (mandatory) or until stabilization is achieved; 
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 Settlement stabilization may be considered set when the difference between two 
consecutive readings is equal to or less than 5% of the total displacement of the 
corresponding stage; 
 At the end of the loading step, the maximum load must be maintained for at least 12 
hours before the unloading phase begins; 
 Unloading shall be carried out in a minimum of four stages associated with their 
stabilization in the same manner of the loading phase. For the unloading phase the total 
displacement in each stage must be measured and noted after 2, 4, 8, and 15 minutes 
(mandatory) or until stabilization is achieved; 
 Displacement measures should be maintained until stabilization even after full pile 
unloading. 
 
2.6.2. Instrumented static load test 
In this type of load test, besides the displacement measuring features at the top of the pile, 
instrumentation along the pile shaft is also used. According to Albuquerque (2017), among the 
techniques of instrumentation, those which are based on strain measurements such as vibrating 
wire gages, electrical gages, and optical fiber gages are the most commonly employed in pile 
foundation. 
The main purpose of the gages is to establish the axial strain caused in the pile by the applied 
load and, therefore, the strain data are used to estimate the load distribution in the pile 
(FELLENIUS, 1989). For the author, in order to provide an efficient evaluation of the load 
distribution of the pile, two requirements must be fulfilled: (1) knowledge of the deformation 
modulus of the pile cross-section and (2) measurements of high accuracy, i.e., the use of a 
reliable load cell and instrumentation with an accuracy precision of about 0.0025 mm. 
Thus, if the strain data was collected accurately, there are two variables in the Hooke’s Law 
that need to be solved (σ and E): 
 
  =   ×     [53] 
 
Where: 
 σ = stress applied at the top of the pile; 
Epile = pile elastic modulus; 
 ε = strain measured in reference section. 
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In order to obtain the elastic modulus of the cross-section area of the pile, a reference section 
(Figure 89) should be used so that the stress applied at the section is the same as the stress 
applied at the top of the pile. As a result, on each load stage, it is possible to measure stress and 
strain values in the reference section (Figure 90). Applying Eq. 53 it is possible to calculate the 
elastic modulus which is assumed to be the same through the pile's length (CINTRA et al., 
2013). 
 
Figure 89 – Schematic instrumentation sections along the pile (CINTRA et al., 2013). 
 
 
Figure 90 – Load vs microstrain graph of all instrumented sections. Note: EpA = EpileApile = pile stiffness 
(ALBUQUERQUE, 2017). 
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Once the elastic modulus of the cross-section pile and the strain data along the pile is known, 
it is possible to obtain the applied stress of all instrumented sections (CINTRA et al., 2013). To 
this extent, the axial load on each section can be also calculated multiplying the applied stress 
with the cross-section area of the pile. Finally, the load transfer diagram along the pile’s depth 
can be plotted. 
According to Fellenius (2019), for steel piles, there is no problem regarding the use of a 
constant elastic modulus since the material is considered to behave linearly when submitted to 
stress vs strain conditions. In other words, the Young's modulus of steel is known accurately 
and can be assumed as a constant value of about 205 GPa. On the other hand, composite piles 
such as precast concrete piles, prestressed concrete piles, concrete piles, concrete-filled steel 
pipe piles and micropiles present a non-linear behavior when submitted to loading solicitation, 
i.e., the elastic modulus of a composite pile assume several values and also is a function of the 
applied stress and strain (FINNO et al., 2002; HOLMAN; BARKAUSKAS, 2007; LAM; 
JEFFERIS, 2011 and FELLENIUS, 2019). In addition, it is widely recognized that cementitious 
materials like Portland cement concrete or neat cement grout are essentially inelastic under 
stress. Therefore, the accurate modulus of these types of piles is often difficult to obtain even 
using a reference section in the static loading test. Additionally, approximating the non-linear 
curve to a straight line (Figure 90) may induce substantial error in the load evaluation from the 
strain measurement. 
In order to solve this problem, Fellenius (1989) proposed a method of interpretation of the 
strain data using the tangent and the secant modulus of the pile. For the author, the pile 
foundation behaves like a free column with the action of the lateral resistance of the surrounding 
soil on its lateral surface. Thus, when all shaft resistance is mobilized, the pile behaves similarly 
to a free column since the slope between them becomes parallel. Furthermore, as proved by the 
author, the stress-strain curve can, with sufficient accuracy, be assumed to follow a second-
degree curve: 
 
  =     +    +     [54] 
Where: 
y = stress; 
x = strain; 
a and b are determined by either the secant or tangent modulus line and the constant c 
is assumed to be zero. 
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For a better understanding of the proposed method, the author illustrates two situations in 
which a given pile is subjected to compression loadings, the first one composed by steel only 
and the second one formed by a composite material (reinforced concrete pile). Figure 91 
illustrates a typical data from a instrumentation loading test in a steel pile. 
 
Figure 91 – Typical data from an instrumented static pile loading test on a pile with a constant modulus (A) stress-
strain diagram of the pile head (upper curve) and of the corresponding free column and (B) plot of tangent modulus 
vs strain  (adapted from FELLENIUS, 1989). 
It is easy to observe that the line with data points in Figure 91A, i.e., measured strains from 
the instrumentation section, is initially curved near the origin and then it gets straight when the 
strain measures tend to be increased. On the other hand, the lower line indicates a free steel 
column behavior when submitted to compression loading, which is basically linear. This linear 
behavior is related to the theoretical elastic line for a column with equal properties to that of the 
pile (theoretical Young's Modulus). Therefore, when all shaft resistance is mobilized, the pile 
is inclined to behave likewise a free column of the same material, i.e., with the same elastic line 
(orange straight line). However, it is often difficult to evaluate when all shaft resistance has 
been mobilized analyzing just the stress-strain plot. To overcome this, a second plot is 
established (Figure 91B), which is related to the tangent modulus of the measured curve (data 
from instrumentation). 
The tangent modulus is the inclination of the curve and it is plotted as the increment of load 
divided by the increment of strain plotted against the strain. It can be observed in Figure 91B 
that the tangent modulus reduces with increasing of the strain measures until it becomes 
constant, i.e., all lateral resistance has been saturated. Consequently, with the support of this 
plot, the point where all shaft resistance has been mobilized becomes easily perceptible. 
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Another observation regarding Figure 91B that must be highlighted is that the tangent 
modulus line does not have any inclination. In other words, there is no degradation of the steel 
material elastic modulus, i.e., it is constant on all loading processes (ET0 = ET1).  
When it comes to a concrete/grouted pile, the analysis become more complex due the non-
linearity behavior of a composite section. Figure 92 illustrates a typical data from an 
instrumentation loading test in a concrete pile. 
 
Figure 92 – Typical data from an instrumented static pile loading test on a concrete pile with a modulus 
degradation with increasing stress (A) stress-strain diagram of the pile head (upper curve) and of the corresponding 
free column and (B) plot of tangent modulus vs strain  (adapted from FELLENIUS, 1989). 
 
According to Fellenius (1989) it is difficult to evaluate whether the plots in Figure 92A are 
curved because the lateral resistance is not yet fully mobilized or because the modulus is 
degrading through strain increasing. As in the case of steel pile, when both curves (pile and 
column) becomes parallel, it means that the shaft resistance has been fully mobilized. However, 
due to the complex mechanical behavior of composite piles, this phenomenon could be difficult 
to evaluate only with stress vs strain plot as previous stated. 
Conversely, by applying the tangent method approach, it is possible to easily visualize when 
the shaft resistance becomes to be saturated and when the elastic modulus of the composite 
section starts to decrease with increased strain (Figure 92B). In this instance, the initial elastic 
modulus (ET0) is different from the final elastic modulus (ET1) of the cross-section area of a 
composite pile. Therefore, it is also possible to conclude that the tangent modulus is highly 
controlled by the nonlinear and inelastic behavior of the grout material (HOLMAN, 2009). 





=    +     [55] 
    165 
 
Where: 
 ET = the tangent modulus; 
 σ = applied stress; 
 dσ = (σn+1 - σn) = change of stress from one load increment to the next 
 ε = induced strain (always measured in units of microstrain, με; μ = 10-6); 
 dε  = (εn+1 - εn) = change of strain from one load increment to the next; 
 A = slope of the tangent modulus line (modulus degradation); 
 B = initial tangent modulus (ET0). 
 





     +    [56] 
 
Hence, the stress in the pile for an induced strain is: 
 
  =       [57] 
 





   +     [58] 
  
Therefore, according to Fellenius (2019), the tangent modulus line is used to evaluate at what 
load the shaft resistance along the pile is fully mobilized while the secant modulus line is used 
to determine the load distribution for a particular applied load. It should be pointed that the 








 ∆P = difference of load between the two gage levels; 
 l = distance between the two gage levels; 
 D = diameter of the friction interface. 
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In order to illustrate the applicability of the tangent method approach, Figure 93 presents 
the pile head load-movement plots on two 21 m long concrete monotube pile with a total 
diameter of 350 mm (Pile 2 and Pile 3). In addition, Figure 94 shows the results of the strain 
measures at each gage level of the respective piles. It is noteworthy to state that all figures and 
conclusions were obtained from Fellenius, Brusey and Pepe (2000). From CPT in situ tests was 
verified that the soil was formed by a compacted sand. Vibrating wire strain gauges were placed 
at seven levels: Gage 1 at the ground surface, Gages 2 through 5 placed at depths of 2, 4, 9, and 
12 respectively, Gage 6 in the middle of the tapered portion of the pile and Gage 7 at the pile 
tip. 
 
Figure 93 – Pile head load-movement curves (FELLENIUS; BRUSEY; PEPE, 2000). 
 
 
Figure 94 – Strain measured at each gage level (adapted from FELLENIUS; BRUSEY; PEPE, 2000). 
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As the load-strain curves of Gage 1, 2, and 3 are similar and they linearize quickly than the 
deeper gage sections, it can be concluded that not much shaft resistance developed above the 
Gage level 3 (Figure 94). Figure 95 exhibits the application of the tangent method approach in 
order to evaluate the shaft mobilization and also to interpret the elastic modulus of the 
composite section. 
 
Figure 95 – Tangent modulus diagram (adapted from FELLENIUS; BRUSEY; PEPE, 2000). 
When all shaft resistance above a gage location is mobilized, the calculated values are the 
tangent modulus for that gage section (Figure 95). Figure 95 also shows that the tangent 
modulus values for the four initial gages converge to a straight line which is represented by the 
“Best Fit Line”. This line represents the tangent modulus of a free column with the same 
properties of the pile without the effects of the surrounding soil. Linear regression of this line 
offers the A and B coefficients of Eq. 55 which provides the initial tangent modulus and the 
slope of the line or degradation ratio. In this instance, the initial tangent modulus of the pile was 
44.8 GPa and the degradation ratio is -0.021 GPa per microstrain. With respect to the upper 
gage levels, Gage 6 and 7 do not present modulus values that converge to a modulus line. 
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According to the authors, this indicates that the lateral resistance along the tapered portion of 
the piles continues to increase with the increasing load without being totally saturated. 
Finally, by inserting the values of A and B into Eq. 58 and then using Eq.57, is possible to 
compute the average stress in the pile over the length. Furthermore, by multiplying the Eq. 57 
by the pile’s cross-section area, it gives the load distribution of the instrumented pile subjected 
to a static loading test (Figure 96). 
 
Figure 96 – Load distribution for each load applied to the pile head (FELLENIUS; BRUSEY; PEPE, 2000). 
 
The tangent modulus can also contribute to immediately notice whether or not there 
inaccuracies in the strain data (FELLENIUS, 1989). Figure 97 illustrates the results of a 22 m 
pipe pile with a diameter of 273 mm instrumented by telltales to the toe of the pile. The pile 
was high jacked without the use of a load cell which may induce errors due to lack o control of 
the maintained load. 
    169 
 
 
Figure 97 – Results from a static loading test on a pipe-pile (A) Movement of the pile head and the pile toe, and 
measured compression of the pile plotted vs the applied load and (B) Tangent modulus diagram for the 
compression of the full pile length (adapted from FELLENIUS, 1989). 
 
As can be observed in Figure 97A, the load vs displacement curve does not present any 
unconventional behavior and, therefore, inaccuracies regarding the strain data cannot be 
interpreted. On the other hand, when applying the tangent modulus plot in Figure 97B, it is 
clear that the strain data measures had problems either by applying/maintaining the load, 
defective installation of the instrumentation or lack of bond between the components. Hence, 
the author emphasizes that would be complex to evaluate with acceptable accuracy the behavior 
of the pile under this type of strain data. 
Barbosa (2019) applied the aforementioned tangent modulus approach, proposed by 
Fellenius (1989), in order to interpret the behavior of instrumented micropiles in sedimentary 
soil of the São Paulo Basin, in Brazil. The configuration of the micropiles studied by the author 
was the same as the micropiles analyzed in this work, i.e., the steel casing was used as a drilling 
tool, as a structural element, and as a grout injection device. In short, the micropiles have an 
executive process that involves a drilling phase, given by washing and rotopercussion of a N80-
class structural tube with outside diameter of 200 mm, followed by the injection of cement grout 
from bottom to top with the purpose of fulfill the annulus space between the pile and the steel 
tube (annulus grouting) and treat the soil with a initial pressure. After the hardening of the 
annulus grouting, the second phase of grout injection was performed by special sleeved rubber 
holes which are located 0.5 m apart along the N80 steel casing tube.  
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According to Barbosa (2019), linear regression of the slope of the tangent-modulus line 
indicates that the initial tangent modulus was around 18 GPa (Figure 98).  As the load increased 
during the load test there was a decay of the modulus at a rate of -0.001587 GPa per microstrain. 
 
Figure 98 – Micropile tangent modulus diagram (adapted from BARBOSA, 2019). 
 
The tangent modulus value achieved by Barbosa (2019) is considered below the average for 
reinforced composite piles. This can be explained by the fragility of the grout used as a part of 
the structural cross-section area of the micropile since it started the failure process at relatively 
low loads (from 500 to 700 kN), as can be seen in Figure 99. 
 
Figure 99 – Load vs strain graph (adapted from BARBOSA, 2019) 
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It is possible to notice from Figures 99 and 100a that the mobilization of lateral resistance 
to the depth of 8.5 m was not relevant. Conversely, this type of resistance was more significant 
in the stretch of 8.5 m to 12 m (micropile bond zone). When all shaft resistance is mobilized at 
the bond length it is possible to observe that the load distribution lines (from 900 kN to 1400 
kN) become either linear and approximate parallels, i.e., all shaft resistance was saturated and, 
consequently, the tip starts to be requested (Figure 100a). This phenomenon was also 
highlighted by Holman and Barkauskas (2007). Based on Barbosa (2019), the micropile 
plunged at a pile top load of 1410 kN and the maximum settlement after failure was 108 mm. 
Lastly, tip resistance reached a value of about 15% of the total load applied at the top of the 
micropile, which was already expected according to the literature exposed in this work. 
 
Figure 100 – (a) Load distribution along the micropile and (b) Load-settlement curve (adapted from BARBOSA, 
2019). 
 
3. MATERIAL AND METHODS 
3.1. UNICAMP Experimental Fields 
In order to carry out this research project, an experimental field (Experimental Field III) 
was created in the vicinity of the Faculty of Agricultural Engineering of the State University of 
Campinas (UNICAMP), located in the State of São Paulo, in the city of Campinas - Brazil 
(Figures 101 and 102). Campinas city occupies an area of about 790 km² and is located 100 km 
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from the city of São Paulo, approximately. Details regarding the geotechnical aspects of this 
site will be explored in the next subsection. 
 
Figure 101 – Campinas, São Paulo – Brazil (adapted from GARCIA; ALBUQUERQUE, 2019). 
 
 
Figure 102 – Location of Experimental Field III on the vicinity of FEAGRI - UNICAMP (Google Maps, accessed 
20/04/2020). 
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It is noteworthy that UNICAMP has already two other experimental fields (Experimental 
Field I and II) where research has been carried out into the soil-pile behavior of various types 
of foundation performed in a typical soil of the region (diabase residual soil). As a result, several 
papers were published in annals of events, specialized journals, book chapters, MSc.'s and 
Ph.D.’s theses. Specific details about them can be found at: Albuquerque (1996. 2001); 
Nogueira (2004); Garcia (2006); Paschoalin Filho (2008); Freitas Neto (2013); Garcia (2015) 
and Filho (2016). The location of all the experimental fields are presented in the following 
figure (Figure 103). 
 
Figure 103 – Location of all experimental fields in the State University of Campinas – UNICAMP (Google Maps, 
accessed 20/04/2020). 
 
The geology where UNICAMP is located is typically composed of basic intrusive rocks of 
the Serra Geral Formation, which in turn is basically formed by Diabase (ALBUQUERQUE, 
2001). Moreover, the geological map of Campinas-SP can be viewed in Appendix A with 
emphasis on the location of UNICAMP.  
When it comes to the Experimental Field I, there is a surface layer of 6m thick, consisting 
of high porosity sandy-silty clay, followed by a layer of sandy-clayey silt. According to The 
Unified Soil Classification System the first soil layer was classified as inorganic clay of low 
plasticity (CL) while the second soil layer was classified as an inorganic silt of high 
compressibility (MH). Additionally, the water level was not found up to a 20 m long Standard 
Penetration Test performed in the site (ALBUQUERQUE, 1996). 
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Albuquerque (2001) concludes that for the Experimental Field I, the first layer consists of 
a mature soil that has undergone by an intense weathering process. The leaching phenomenon 
may explain the high-porosity condition of the soil due to the transportation of the fines to the 
deeper horizon. The second layer is composed of young residual soil with geological 
characteristics inherited from the original rock (Diabase). The author emphasizes that it is 
possible to verify that the diabase rock is quite fractured, forming small blocks. The fractures 
are usually open or filled with clay materials. 
Garcia (2015) studied the behavior of raft piles in the Experimental Field II. According to 
the author, based on studies carried by Gon (2011) and Rodriguez (2013), this site is formed 
from top to bottom by: a 2 m thick high porosity sandy-silty clay,  m of silty sand and 4 m 
clayey-silty sand. According to The Unified Soil Classification System the soil profile was 
classified as an inorganic silt of medium compressibility (ML) until a depth of 7 m and as a 
inorganic silts of high compressibility (MH) after that depth (GON, 2001). The impenetrable 
was found after the last soil layer according to the SPT results. Lastly, the water table was not 
found in this site condition. 
The geotechnical-geological profile of the Experimental Field I and II is illustrated below 
(Figures 104 and 105). 
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Figure 104 – Average geotechnical profile of Experimental Field I (adapted from ALBUQUERQUE, 2001). 
 Note: S = soil shear resistance, σ = normal stress; γ         = average soil natural unit weight; W  = average moisture 
content; e  = average void ratio; n   = average porosity; N  = average number of SPT blows; q     = average cone tip 
resistance; f   = average cone lateral resistance; E  = average Young’s Modulus of the soil layer; μ = Poisson’s 
coefficient (adopted); Tmax = maximum torque obtained by the SPT-T; Tmin = minimum torque obtained by the 
SPT-T. 
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Figure 105 – Average geotechnical profile of Experimental Field II (adapted from GARCIA, 2015). 
 Note: c = cohesion; Φ = soil friction angle; γ   = average soil natural unit weight; w = average moisture content; 
e = average void ratio; NSPT = average number of SPT blows; q = average cone tip resistance; f  = average cone 
lateral resistance; E = average Young’s Modulus of the soil layer; Tmax = maximum torque obtained by the SPT-
T; Sucção = soil matrix suction; k0 = soil earth pressure coefficient at rest. 
 
In summary, the Experimental Field I was idealized to study the behavior of different types 
of single piles, submitted to either compression or tension loads, while the Experimental Field 
II was idealized to study the behavior of raft piles. Therefore, as the present study analyses the 
behavior of single micropiles, the maximum lateral resistance mobilized under compression 
and uplift load conditions (qsc and qst) will be compared with the results obtained by the various 
types of bored piles studied in Experimental Field I. Furthermore, it is intended to evaluate the 
effect of the construction process on the mobilization of the lateral resistance (qs). Finally, it is 
inferred that this comparison is reasonable because the geotechnical characteristics of both 
regions are similar as well as the average shaft area of the evaluated piles. 
Table 29 presents the main results of the static load tests carried out in several types of 
bored piles, under both load conditions compression and tension, at the Experimental Field I. It 
is worth mentioning that for each type of pile, two load tests were carried out on two different 
piles, one subjected to compression and the other subjected to traction loads in order to evaluate 
the development of the lateral resistance in both types of solicitation. In other words, pairs of 
piles were performed to evaluate the behavior of each type of load request, separately. 
 
    177 
 
Table 29 – Main results of the static load tests carried out in several types of bored piles at the Experimental Field 








qsc (kPa) qst (kPa) qsc/qst 
Traditional Bored Pile - 
E01 
15.08 684 639 41 46.4 0.88 
Traditional Bored Pile - 
E02 
15.08 670 555 41 40 1.03 
Traditional Bored Pile - 
E03 
15.08 693 605 41 42 0.98 
Continuous Flight 
Auger Pile (CFA) - E1 
15.08 960 600 57.2 46.4 1.23 
Continuous Flight 
Auger Pile (CFA) - E2 
15.08 975 600 57.2 40 1.43 
Continuous Flight 
Auger Pile (CFA) - E3 
15.08 720 600 57.2 46.4 1.23 
Screw Pile - E1 14 1545 900 86.1 75.5 1.14 
Root Pile or Type B 
Micropile - R1 
15.45 980 910 62.2 59 1.05 
Root Pile or Type B 
Micropile - R2 
15.45 980 980 62.2 63 0.99 
Root Pile or Type B 
Micropile - R3 
15.45 980 910 62.2 59 1.05 
Note: As = shaft area; QCult = Geotechnical failure under compression load; QTult = Geotechnical failure under 
tension load; qsc = Average shaft resistance under compression loads; qst = Average shaft resistance under tension 
loads. 
 
3.1.1. Experimental Field III (E.F. III) 
3.1.1.1. Geotechnical characterization 
As previously mentioned, the Experimental Field III was intended for the construction of 
the micropiles that will be evaluated in this work. Figure 106 below illustrates the location of 
the “in situ tests” and the performed micropiles (compression, tension, and reaction piles). A 
total of 20 micropiles were performed, 14 of which were used as a reaction system and 6 that 
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were subjected to static slow load testing (M1, M2, M3, M4, M5, and MT). Among the 
micropiles subjected to load test, four of them will be evaluated in this MSc. thesis (M1, M3, 
M5, and MT), i.e., the micropiles with a total length of 17 m, approximately. It should be noted 
that the micropile M3 was used as a compression test and as well as a reaction system for the 
uplift test of micropile MT. 
 
Figure 106 – Location of the “in situ” tests, compression micropiles, tension micropile, and reaction micropiles 
on the Experimental Field III. 
 
Figure 106 shows that five Standard Penetration Tests with Torque (SPT-T) were performed 
alongside with two Piezocone Penetration Tests (CPTU) and one Dilatometric Marchetti Test 
(DMT) to characterize the geological and geotechnical conditions of the site. Figures 107 to 
109 illustrate the details of the “in situ” tests performed at Experimental Field III. Details on its 
executive procedures as well as its application in foundation engineering can be seen in other 
theses (MSc. and PhD.) defended at UNICAMP, such as: Peixoto (2001), Rodriguez (2013) 
and Rojas (2016).  
The average depth achieved by the SPT-T tests was approximately 19 m while for the CPT 
tests it was around 24 m. The DMT test had to be interrupted at a depth of 8 m due to reading 
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failures at this level. By withdrawing the blade of the dilatometer test for further analysis it was 
found that it had been damaged (Figure 110). Thus, this test produced results only up to a depth 
of 8 m. It is noteworthy that the water level was found at a depth of 17 m in two SPT-T tests 
(SPTT – 01 e SPTT – 04). 
According to the in-situ test results, it was verified that the site has geological conditions 
similar to the Experimental Fields I and II. The subsoil profile, according to the SPTT’s visual 
description, has an initial layer of silty-sandy clay (red porous) of about 6 m thick, followed by 
a layer of sandy-clayey silt (Diabase residual soil). 
 
Figure 107 – Performance of the Standard Penetration Test with Torque (SPT-T). 
 
 
Figure 108 – Performance of the Piezocone Penetration Test (CPTU). 
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Figure 109 – Performance of the Dilatometric Marchetti Test (DMT). 
 
 
Figure 110 – Dilatometer blade damage during the performance of DMT. 
 
The Standard Penetration Test with Torque (SPT-T) main results are presented in Tables 
30 to 34 (For the Portuguese language see Appendix A). The graphs containing the average, 
minimum and maximum values of NSPT (SPT blow count) and the average, minimum and 
maximum Torque (Tmax) are presented in Figure 111 and 112, respectively. 
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Table 30 – SPT-T 01 Results. 
SPT-T 01 
WT DEPTH NSPT Tmax (kgf*m) Tr (kgf*m) H (cm) SOIL DESCRIPTION 
 -1 2 3 2 51 
Reddish brown sandy clay (fine 
to medium sand), slightly silty, 
soft to medium, with thin and 
sparse yellowish lenses from 
4.77 m. (Colluvium) 
 -2 2 3 1 50 
 -3 3.8 3 2 47 
 -4 4.6 4 2 48 
 -5 4.8 5 3 46 
 -6 5.6 5 3 47 
 -6.61 5.6 5 3 47 
 -7 6 6 4 45 Sandy-clayey silt, very clayey, 
slightly sandy (fine to medium 
sandy composed by decomposed 
basic rock), red with yellow 
lenses (Diabase residual soil) 
 -8 8 7 4 45 
 -8.57 8 7 4 45 
 -9 12 13 9 45 Sandy-clayey silt (fine to 
medium sandy composed by 
decomposed basic rock), stiff, 
red and yellow with sparse black 




  -10 13 14 9 45 
  -11 11 17 9 45 
  -12 15 20 13 45 
  -13 17 23 15 45 
  -14 36 24 14 45 
  -15 23 30 28 45 Sandy-clayey silt (fine to 
medium sandy composed by 
decomposed basic rock), with 
diabase fragments from 18.21 m, 
stiff, yellow, and yellowish 
brown. (Diabase residual soil) 
  -16 21 24 12 45 
  -17 23 28 14 45 
  
-18 45 26 18 26 
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Table 31 – SPT-T 02 Results. 
SPT-T 02 
WT DEPTH NSPT Tmax (kgf*m) Tr (kgf*m) H (cm) SOIL DESCRIPTION 
 -1 2 3 2 49 
Reddish brown sandy clay (fine to 
medium sand), slightly silty, very 
soft to soft (Colluvium) 
 -2 2.1 3 2 48 
 -3 4.4 4 2 46 
 -4 4.8 4 3 47 
 -4.55 4.8 4 3 47 
 -5 4.8 5 2 46 Sandy clay, very sandy, slightly 
silty (fine to medium sandy 
composed by decomposed basic 
rock), soft, yellowish brown with 
reddish brown intercalations 
(Diabase residual soil) 
 -6 4.7 4 2 48 
 -6.63 4.7 4 2 48 
 -7 4.7 4 2 49 
Sandy-clayey silt, very clayey, 
slightly sandy (fine to medium 
sandy composed by decomposed 
basic rock), soft to stiff, 
variegated (predominance of red). 
(Diabase residual soil) 
 -8 9 7 4 45 
 -9 10 7 4 45 
 -10 12 13 10 45 
 -11 14 15 11 45 
 -12 12 14 10 45 
 -13 14 16 11 45 
 -13.71 14 16 11 45 
 -14 25 36 28 45 Clayey-sandy silt (fine to medium 
sand composed with quartz, 
feldspar, and sparse mica), 
compact, grayish brown and white 
(Diabase residual soil) 
  -15 27 38 28 45 
  -16 34 42 30 45 
  -17 37 52 36 45 
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Table 32 – SPT-T 03 Results. 
SPT-T 03 
WT DEPTH NSPT Tmax (kgf*m) Tr (kgf*m) H (cm) SOIL DESCRIPTION 
 -1 1.8 3 2 50 
Reddish brown sandy clay (fine 
to medium sand), slightly silty 
with sandy-silty clay lenses from 
3.90 m, very soft to soft, reddish 
brown with yellowish lenses 
(Colluvium) 
 -2 2.1 4 2 47 
 -3 3.5 4 3 45 
 -4 4.1 6 3 45 
 -5 3.3 4 2 46 
 -6 5 5 3 46 
 -6.69 5 5 3 46 
 -7 7.2 10 7 47  
Sandy-clayey silt, very clayey, 
slightly sandy (fine to medium 
sandy composed by decomposed 
basic rock), medium, variegated 
(reddish and yellowish), Diabase 
residual soil 
 -7.83 7.2 10 7 47 
 -8 10 14 10 45 
Sandy-clayey silt (fine to 
medium sandy composed by 
decomposed basic rock), 
medium to hard, yellow and 
white with black lenses up to 
10.00 m, red with yellowish 
portions up to 13.00 m and 
yellowish brown and yellow 
until the end (Diabase residual 
soil) 
  -9 17 26 16 45 
  -10 15 24 14 45 
  -11 18 28 16 45 
  -12 19 30 20 45 
  -13 20 32 20 45 
  -14 17 28 18 45 
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Table 33 – SPT-T 04 Results. 
SPT-T 04 
WT DEPTH NSPT Tmax (kgf*m) Tr (kgf*m) H (cm) SOIL DESCRIPTION 
  -1 2 4 3 53 Sandy clay (fine to medium 
sand), slightly silty with sparse 
sandy-silty clay lenses from 3.71 
m, very soft to soft, reddish 
brown with light brown lenses. 
(Colluvium) 
  -2 3.3 5 3 49 
  -3 3.5 5 3 47 
  -4 2.1 5 4 46 
  -5 4.4 6 4 47 
  -5.67 4.4 6 4 47 
  -6 5 6 4 48 Reddish sandy-clayey silt, very 
clayey, slightly sandy (fine to 
medium sandy composed by 
decomposed basic rock), soft to 
medium (Diabase residual soil) 
  -7 6.7 7 5 45 
  -8 9.3 10 7 45 
  -9 6 10 7 46 
  -9.77 6 10 7 46 
  -10 15 18 14 45 
Sandy-clayey silt (fine to 
medium sandy composed by 
decomposed basic rock), stiff 
(Diabase residual soil) 
 
  -11 9.3 16 12 47 
  -12 11.4 18 12 45 
  -13 22 32 26 45 
  -14 21 30 22 45 
  -15 19 32 24 45 
  -16 25 34 26 45 
  -17 32 44 32 45 
  -18 24 34 28 45 
  -19 25 34 26 45 
Sandy-clayey silt (fine to 
medium sandy composed by 
decomposed basic rock), stiff , 
yellowish brown and yellow with 
black lenses (Diabase residual 
soil) 
  -20 17 28 18 45 
  -21 15 24 18 45 
  -22 27 36 20 45 
  -23 30 44 22 45 
  -24 46 *   Sandy-clayey silt (fine to 
medium sandy composed by 
decomposed basic rock), stiff, 
greenish gray with brown 
portions and black lenses 
(Diabase residual soil)   
-25 22 32 16 45 
Note – The blue highlight on the water table column refers to the presence of water at a specific level found in the 
SPT-T 
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Table 34 – SPT-T 05 Results. 
SPT-T 05 
WT DEPTH NSPT Tmax (kgf*m) Tr (kgf*m) H (cm) SOIL DESCRIPTION 
 -1 1.9 3 1 53 Sandy clay (fine to medium 
sand), slightly silty, very soft to 
soft, dark reddish brown 
(Colluvium) 
 -2 2 4 2 49 
 -3 2.9 4 3 46 
 -3.89 2.9 4 3 46 
 -4 4.1 4 3 45 Sandy clay (fine to medium 
sand), slightly silty, with fine and 
medium boulders (lateritic 
concretions), soft, reddish brown 
(Colluvium) 
 -5 6.6 7 4 47 
 -6 7 6 3 45 Sandy-clayey silt, very clayey, 
slightly sandy (fine to medium 
sandy composed by decomposed 
basic rock), medium, yellowish 
brown and reddish brown 
(Diabase residual soil) 
 -6.88 7 6 3 45 
 -7 11 13 10 45 
Sandy-clayey silt (fine to 
medium sandy composed by 
decomposed basic rock), stiff, 
variegated (yellowish, reddish, 
and sparse black lenses) (Diabase 
residual soil) 
 -8 10 12 8 45 
 -9 16 13 9 45 
 -10 15 12 8 45 
 -11 11.8 11 7 45 
 -12 14 13 9 45 
 -13 28 28 20 45 
 -14 27 26 18 45 
 -15 24 26 20 45 
 -16 29 32 24 45 
 -17 27 38 28 45 
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Figure 111 – NSPT variation along depth. 
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Figure 112 – Maximum Torque (Tmax) variation along depth. 
 
From the soil samples collected from each meter by the SPT-T’s, a series of laboratory tests 
were carried out to investigate its plasticity and water content. Table 35 presents the results of 
the Plastic Limit (PL), the Liquid Limit (LL),  the Plasticity Index (PI), the Water Content (w), 
the Specific Gravity (Gs), their average values form each representative soil layer and the 
Casagrande’s classification for plasticity of fine grained soils (USCS). 
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PIaverage(%)  USCS 
-1 35 51 16 31 3.03 
Sandy clay, 
slightly 
silty,  very 
soft to soft 




-2 36 46 10 30 2.97 
-3 37 49 12 30 3.01 
-4 37 48 11 30 3.07 
-5 35 43 8 30 - 
-6 39 46 7 37 3.07 
-7 45 55 10 40 2.97 Sandy-
clayey silt  
medium 
41 57 11 
High 
Plasticity 
Silt (MH) -8 47 58 11 42 3.01 








-10 50 58 8 43 3.07 
-11 45 59 14 46 - 
-12 44 55 11 47 3.02 








-14 44 58 14 47 3.12 
-15 42 56 14 45 - 
-16 40 59 19 44 3.07 
-17 39 57 18 47 - 
 
The results in Tables 36 and 37 represent the average CPT values per meter performed in 
the Experimental Field III.  In the following tables, qc represents the tip resistance, qct the 
corrected tip resistance which is related to the action of water on the cone grooves, fs the sleeve 
lateral resistance, and Rf the friction ratio. For complete visualization of the Piezocone 
Penetration Tests see Appendix A.  Furthermore, Figures 113 to 1115 illustrate the variation of 
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qc, fs, and Rf through the test depth, respectively. The qc values are practically equal to qt 
values, i.e., there is no presence of water table until a depth of 19 m, approximately. 
 
Table 36 – CPTU 01 Results. 
CPTU-01 
Depth (m) qc (MPa) fs (kPa) qct (MPa) Rf (%) 
-1 1.1 39.5 1.0 3.6 
-2 1.4 6.9 1.4 0.5 
-3 2.0 26.0 2.0 1.3 
-4 2.1 48.4 2.1 2.2 
-5 3.9 96.1 3.9 2.4 
-6 1.9 79.9 1.9 4.2 
-7 2.4 108.3 2.4 4.7 
-8 2.8 133.4 2.8 5.1 
-9 3.0 163.7 3.0 5.5 
-10 2.7 157.8 2.7 5.8 
-11 2.0 117.4 2.0 5.8 
-12 2.4 130.7 2.4 5.4 
-13 1.6 81.0 1.6 5.1 
-14 1.6 65.9 1.6 4.0 
-15 1.8 68.4 1.9 3.7 
-16 2.5 92.6 2.5 3.6 
-17 4.3 153.8 4.3 4.0 
-18 3.7 182.0 3.7 4.9 
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Table 37 – CPTU 02 Results. 
CPTU-02 
Depth (m) qc (MPa) fs (kPa) qt (MPa) Rf (%) 
-1 1.3 25.9 1.3 1.5 
-2 2.0 2.7 2.0 0.1 
-3 2.2 1.0 2.2 0.0 
-4 3.7 54.6 3.7 1.2 
-5 3.1 96.9 3.1 3.1 
-6 1.8 61.4 1.8 3.4 
-7 3.9 142.5 4.0 4.0 
-8 2.6 125.4 2.6 4.8 
-9 2.7 146.8 2.7 5.4 
-10 2.0 103.1 2.0 5.1 
-11 1.8 82.9 1.8 4.5 
-12 2.6 111.7 2.7 4.2 
-13 3.6 149.6 3.7 4.1 
-14 3.7 148.9 3.7 4.0 
-15 3.1 113.5 3.1 3.6 
-16 3.7 133.7 3.8 3.6 
-17 3.1 121.5 3.1 3.9 
-18 3.7 153.1 3.7 4.1 
-19 9.8 252.9 9.8 3.0 
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Figure 113 – qc variation along depth. 
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Figure 114 – fs variation along depth. 
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Figure 115 – Rf variation along depth. 
 
The average of the main DMT results (P0 – initial measured pressure; P1 – final measured 
pressure; ED = dilatometer modulus; ID = material index; KD= horizontal stress index) for each 
meter are presented in Table 38. In addition, Figure 116 shows the variation of the ED, ID, and 
KD through the depth of the test (For complete visualization of the DMT see Appendix A). 
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Table 38 – DMT Results. 
DEPTH (M) P0 (kPa) P1 (kPa) ED (MPa) ID KD 
-1 111 211 4.35 1.12 15.18 
-2 115.8 243 4.4 1.11 4.78 
-3 148.8 385 8.2 1.59 3.62 
-4 161 351 6.62 1.15 2.74 
-5 283.4 759 16.52 1.67 3.72 
-6 139.8 271 5.75 1.13 1.52 
-7 163.4 259 4.47 0.54 1.56 
-8 138.2 215 3.37 0.62 1.14 
 
 
   
Figure 116 – ED, ID, and KD variation along depth. 
 
Lastly, Figure 117 presents an estimated geological profile of the Experimental Field III 
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Figure 117 – Estimated geological profile of the Experimental Field III alongside with a generic longitudinal 
profile of the performed micropile. 
 
3.1.1.2. Micropile installation 
The installed micropiles object of this study (M1, M2, M3, M5, and MT) followed an 
executive procedure similar to the type D grouting method suggested by the FHWA (2005). All 
of them were constructed with a total length of about 17 m and an approximate diameter of 0.30 
m. The steps regarding the micropiles installation in the Experimental Field III are summarized 
below: 
I. Soil drilling was performed by rotary equipment connected to steel pipes with internal 
water circulation (Figure 118). The casing tube has a structural function and it is 
composed by 8” diameter (200 mm) N-80 steel sections with a length of 2.5 m each and 
threads at their ends for connection between male and female joints (Figure 119). The 
casing tubes also contain a manchette system along its length for grout injection 
purposes (Figure 120). The manchette valves are spaced 0.5 m apart in each steel pipe 
section. Finally, the first section of the pipe has a crown for drilling, and, in case of 
resistant bearing stratum, a  tricone or eccentric bits with diamond or widia components 
can be inserted inside the steel pipe in order to decompose the resistant soil layer with 
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the aid of water percolation (Figure 121). The preset study used this tool in all micropiles 
to overcome resistant ground stratum (lateritic concretions), especially at deeper layers; 
 
 
Figure 118 – Drilling equipment connected to steel pipe with internal water percolation. 
 
 
Figure 119 – Steel pipe tube used as a drilling, injection, and structural component. 
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Figure 121 – (A) Details of the steel pipe first section welded with a crown, (B) the eccentric bit, and (C) the 
tricone (C). 
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II. Once the target depth had been reached, a single packer was inserted at the bottom of 
the excavation (Figure 122A) in order to start the preliminary treatment (first injection 
phase). The packer was then inflated by the support of a hydraulic pump (Figures 122B 
and 122C) with the objective to seal the tip of the pile. Afterward, the cement grout was 
injected (injection pressure from 1.4 to 2 MPa) by a PVC tube internally connected to 
the single until it started to overflow at the top of the micropile with a clean aspect, i.e., 
without any apparent loose soil particle. The main purpose of this treatment is to wash 
loose material (remove debris under the tip and along the pile shaft) out of the soil/pile 
interface and inject cement grout from bottom to top in order to fulfill the annulus space 
between the out diameter of the micropile and the surrounding soil (grout of the pile 
sheath). According to the contractor’s company report, the water-cement ratio used to 
fulfill the pile sheath was 0.5 with a Type II Cement Portland (CP-II). Figure 123 
illustrates the grout plant used in this site; 
 
 
Figure 122 –(A) Single packer system, (B) hydraulic pump, (C) manometer, and (D) details of the single packer. 
. 
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Figure 123 – Pressure-grout system composed of a (A) grout mixer, (B, E) hydraulic pump, (C) manometer with 
the purpose of controlling the grout pressure, and (D) water reservoir. 
 
III. The postgrouting phase was performed at least 12 hours after the first phase. A double 
packer was inserted at the last manchette of the micropile, located near the tip, and then 
inflated in order to seal the region which was intended to be treated (Figure 124). Neat 
cement grout was then injected by the same system described in the last phase at a 
pressure of 1 to 3 MPa. When the grouting was completed or if the manchette valve 
could not be open, the double packer would be moved to the next upper valve in order 
to repeat the process. All manchette valves underwent the second grouting phase. Some 
of them were able to open while others could not. For those that were unable to open, a 
third or even a fourth injection phase was applied as an attempt to open them. Details 
on the amount of cement injected, manchette opening and closing pressure, as well as 
the number of open valves, will be reported posteriorly. Lastly, according to the 
contractor’s company report, the water-cement ratio used in the second phase was 0.5 a 
Type II Cement Portland (CP-II); 
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Figure 124 – Details of a double packer equipment. 
 
IV. After the injection phases were completed, the interior of the tube was filled with grout 
from bottom to top. A summary of all phases are illustrate in Figure 125. 
 
Figure 125 – Phases of micropile installation in Experimental Field III (adapted from BARBOSA, 2019). 
 
As the MT micropile (Figure 106) was submitted to a tensile static loading test, it had an 
additional execution phase between the previously mentioned phases III and IV. In order to 
make the test possible, nine 2-meter-long INCO 100D threaded bars with a nominal diameter 
of 69 mm, yield limit of 1900 kN, maximum test load of 1700 kN, and elastic modulus of 206 
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GPa were inserted centrally into the casing steel tube (Figure 126). It is worth noting that 
instrumented “sister” bars were installed between phases III and IV in all micropiles. Details 
regarding the instrumentation process will be present in the next subsection. 
 
Figure 126 – Details of the INCOTEP threaded bar inserted centrally in the MT and the instrumented “sister” bar 
by its side. 
 
According to Barbosa (2019) the manchette system installed on the steel pipe consists of a 
group of four valves distributed diametrically on its perimeter and vertically spaced 0.5 m apart. 
The structure of the valve is composed of an aluminum body, an axis and a packer rubber that 
opens with an injection pressure of approximately 2.0 MPa (20 bar) and automatically closes 
after the pressure is removed, avoiding the neat cement and/or loose soil to flow back into the 
pile (Figure 127). 
 
Figure 127 – Schematic of the manchette valves used in the installed micropiles (adapted from BARBOSA, 2019). 
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Details regarding the average values of the cross-section area, drilling diameter, and 
strength characteristics of the components of the micropile are summarized in Table 39. 
 
Table 39 – Characteristics of the materials used in Experimental Field III. 
Characteristics Values 
1Borehole drilling diameter (cm) 30.00 
1Borehole drilling cross-section area (cm²) 706.86 
2Outside diameter (OD) of the steel casing 
pipe (cm) 
21.91 
2Inside diameter (ID) of the steel casing pipe 
(cm) 
20.27 
2Cross-section area of the steel casing pipe 
(cm²) 
54.33 
2Steel ratio - µ (%) 7.7 
2Yielding strength of the steel casing pipe – 
compression (MPa) 
655 
2Yielding strength of the steel casing pipe – 
tension (MPa) 
689 
2Yielding strength of the INCO100D 
monobar (MPa) 
588 
2Young’s Modulus of the steel casing pipe 
and INCO100D monobar (GPa) 
205 
1Inside cross-section area of the neat cement 
grout (cm²) 
322.7 
1Annulus grout thickness (cm) 4.0 
1Neat cement grout cross-section area with 
annulus grout (cm²) 
652.54 
3Average Neat cement grout fck - 28 days 
(MPa) 
15 
3Average Young’s Modulus of neat cement 
grout (GPa) 
6.2 
Note – 1 Dimensions measured in the Experimental Field III; 2 Dimensions provided by the manufacturer company; 
3 Samples collected during the execution of micropiles in the experimental field and subsequently tested. 
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Samples of the neat cement grout were collected during the execution of each micropile. 
The samples’ mold had a diameter of 5 cm and 10 cm in height, and all of them were immersed 
in water until the laboratory test (Figure 128). The samples were subjected to unconfined 
compression tests after 28 days of cure (Figure 129). Some samples were separated so that the 
unconfined compression test would be performed on the day of the static load test in the 
experimental field. In this case, the samples were tested with the use of strain gauges to 
determine their Young’s modulus (Figure 130). Since the instrumentation was removable and, 
therefore, sensitive, it was removed before the specimen reached the failure stress in order to 
not damage it.  
All specimens presented a high degree of shrinkage. The final height of the specimen before 
the unconfined compression tests was about 8 cm resulting in a total contraction of 20% of the 
mold’s height (10 cm). It should be pointed out that no admixtures were used such as 
superplasticizer or anti-shrinkage. 
 
Figure 128 – Samples of neat cement grout immersed in water. 
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Figure 129 – Samples of neat cement grout subjected to an unconfined compression test. (A) schematic of the test 
to evaluate the compression resistance of the sample and (B) schematic of the test to evaluate the traction resistance 
of the sample (Lobo Carneiro Tensile Test). 
 
Figure 130 – Details of the Instrumented compression test performed to establish Young’s modulus of the 
specimens. 
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Table 40 below shows the compressive strength achieved by all specimens collected in 
Experimental Field III as well as the secant modulus of those that underwent compression 
testing with the aid of instrumentation. Furthermore, Figure 131 shows the stress x strain curves 
of the instrumented samples alongside with the secant line (black lines). The inclination of this 
line passes through the origin of the stress x strain graph and intercepts the diagram at the point 
corresponding to a stress of the order of 0.4*fck. 
 
Table 40 – Summary of the results of the neat cement grout unconfined compression test. 






M2-0 28 14.06 
15 - 
- 
M3-0 28 14.16 - 
M4-0 28 16.70 - 
M5-1 61 24.96 
25 - 
- 
M5-2 61 30.30 - 
M5-3 61 19.61 5.7 
M4-1 64 17.32 
18 - 
- 
M4-2 64 16.04 - 
M4-3 64 19.61 6.4 
M2-1 68 18.84 
21 - 
- 
M2-2 68 20.88 - 
M2-3 68 22.15 - 
M3-1 75 22.41 
21 - 
- 
M3-2 75 19.86 6.6 
M1-1 75 24.19 
20 - 
- 
M1-2 75 16.55 - 
M1-3 75 19.35 7.2 
MT-1 78 - 
20 
2.05 - 
MT-2 78 - 2.52 - 
MT-3 78 18.46 - 7.8 
Note – The green highlight refers to the micropiles that will be addressed in this Master's Dissertation. 
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Figure 131 – Stress x strain curves of the instrumented samples alongside with the secant line (black lines). 
 
Details about the micropiles installation such as pile’s depth, total cement consumption for 
both preliminary treatment and postgrouting stages, preliminary treatment injection pressures, 
postgrouting pressures (initial and residual injection stage), valves which did not open, and the 
interval between execution and static loading test are presented in the Appendix A. 
 
3.1.1.3. Micropile instrumentation 
The instrumentation of the micropiles was performed from a set of CA-50 steel bars, usually 
called “sister” bars, with a diameter of 12.5 mm and 0.6 in length, on which surface electric 
strain gauges were installed. The strain gauges used in this study were the PA-06-062RB-
120LEN from EXCEL SENSORS IND. WITH. EXP LTDA. with a gage factor equals to 2.6.  
The treatment of the bars for the bonding of the strain gauges on its surface consisted of the 
following steps:  
I. Grinding/sanding of the steel bar in order to obtain a sufficiently smooth surface so that 
the electric strain gauges deform to the same extent as the steel bar (Figure 132); 
II. Bonding of the electric strain gauges by means of a special glue or adhesive. In this 
case, a cyanoacrylate-based adhesive was used (Figure 133); 
III. Connection of the electric strain gauges with their respective terminals through tin 
welding (Figure 134). The connection type performed in this study was the complete 
bridge circuit with two diametrically bonded biaxial strain gages (which allows to 
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eliminate the effects of temperature and bending deformations, obtaining the 
deformations from the normal stresses only). For more details on circuit types and their 
applicability see Albuquerque (2001, 2017); 
IV. Application of a special resin (3M – Scotchcast) in the final circuit to protect it against 
moisture and mechanical shock from both construction phases: installation of the 
instrumented bars and grouting (Figure 135). 
 
 
Figure 132 – Grinding/sanding the steel bar. 
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Figure 133 – Bonding the electrical strain gauges on the steel bar surface. 
 
 
Figure 134 – Schematic of the circuit connection of the electric strain gauges with their respective terminals. 
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Figure 135 – Application of a special resin (3M – Scotchcast). 
 
In the experimental field, the instrumented bars or “sister” bars were connected to bars of 
the same material (auxiliary bars) with varying lengths as they were placed inside the steel 
casing tube, in order to obey the distances pre-established between them. The connections 
between the bars were performed with a threaded system at the end of each bar alongside steel 
gloves. To ensure the centricity of the instrumentations in the piles, steel centralizers were used 
at the tip of the pile. Finally, after the installation of all instrumented bars in a given micropile, 
it was checked if they were fully functional through a reading box. Figures 136 to 140 illustrate 
the abovementioned procedure as well as the view of the Experimental Field III after the 
installation of all micropiles with their respective instrumented bars. 
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Figure 136 – (A) Tip centralizer, (B) bars threaded system with steel gloves, and (C) first “sister” bar inserted into 
the micropile for tip strain measurement. 
 
 
Figure 137 – Procedure for connection between the "sister" bars with the auxiliary bars: (A) holding the auxiliary 
bar with the aid of an iron pipe wrench, (B) threading the "sister" bars into the auxiliary bars, and (C) bonding the 
instrumentation wires with adhesive tape to the auxiliary bars to prevent damage during the grouting phase. 
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Figure 138 – Procedure to check if the instrumented bars are fully functional through a reading box: (A) stripping 




Figure 139 – Experimental Field III after the installation of all micropiles with their respective instrumentation 
bars (View I). 
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Figure 140 – Experimental Field III after the installation of all micropiles with their respective instrumentation 
bars (View II). 
 
Upon the installation of the instrumentation bars, a compressible layer was noted at the 
pile’s tip with a texture equivalent to a loose fine sand, which made it difficult to insert the 
instrumented bars to this level. When washing this material with water, it was observed that 
this material was related to the grout of the first treatment (sheath  filling), probably due to the 
grout exudation phenomenon (Figure 141).  As a result of this thin layer, the pre-set total length 
of the instrumented bars had to be changed so that the instrumentation of the reference section 
(first instrumented bar) was not placed outside of the steel tube at the ground level.  It was also 
revealed that during washing with water the instrumented bars were more easily inserted, that 
is, the compressible material was dispersed and exited by the upper portion of the casing steel 
tube. Figure 142 illustrates the evolution of the dispersion and removal of the neat cement 
material. Thus, it was assumed that during the injection of the grout inside the tube, which is 
performed from bottom to the top of the micropile, this incompressible material was washed 
and removed, resulting in a stiff material just below the last instrumentation. 
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Figure 141 – Details of the neat cement fine material found at the tip of the micropiles: (A) flushing turbid water 
outside the top of the pile and (B and C) fine material removed from the pile's tip. 
 
 
Figure 142 – Evolution of the dispersion and removal of the neat cement fines - from a very turbid aspect (A) to 
a clean aspect (C) 
 
Figures 143 shows the final position of each instrumentation level for the micropiles that 
will be analyzed in the next sections. In addition, it also presents the average geotechnical 
characteristics of each relevant soil layer, obtained by the SPT-T and CPTU “in situ” tests. 
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Figure 143 – Position of each instrumented bar along the micropiles in the E.F. III. 
 
 Lastly, Figure 144 illustrates the average section of both types of micropiles 
(compression and tension piles) and their main components. 
 
Figure 144 – Average section of the micropiles (a) under compression and (b) under tension loads 
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3.1.1.4. Bond strength between steel and the annulus grout 
In order to measure the bond strength between the annulus grout and the steel tube interface, 
three samples were molded according to the "in situ" micropile cross-section dimensions and 
submitted to a downward pull-out test at the Building Materials Laboratory of the Faculty of 
Civil Engineering, Architecture and Urbanism at UNICAMP. In this test, an increasing 
downward load was applied to an upper steel plate directly placed on the top of the specimen 
in order to achieve the maximum shear strength between the two surfaces (in this case the grout 
to steel interface) and, therefore, to obtain the bond capacity between them. Since the lower 
part of the specimen was free to move, that is, there is no point resistance that opposes the force 
applied to the head of the specimen, it was possible to obtain such mechanical resistance. In 
this instance, the specimens were placed over a hollow bottom steel plate which has about 3 cm 
of free stretch. 
A schematic of the specimens is illustrated on Figure 145. The samples were composed of 
a steel casing tube with 21.91 cm OD and an annulus grout thickness of about 4 cm. 
Additionally, they had a total height of 40 cm of which 35 cm were grouted. Lastly, two steel 
plates were used (1) upper steel plate and (2) bottom hollow steel plate (OD = 33.55 cm and ID 
= 22 cm). 
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Figure 145 – Schematic of the specimens used in the downward pull-out test. 
 
Measurements such as the applied load and the displacement at the top of the samples were 
obtained through a 1.000 kN load cell and a LVDT (Linear Variable Differential Transformer), 
respectively. Both of them were connected to the HBM's QuantumX Assistant 840 data 
acquisition system alongside a read transduction software named Catman Easy in order to 
facilitate the data manipulation. Furthermore, the downward load was applied by a 1.000 kN 
concrete compression test machine. Figures 146 to 148 show the assembly of the test. 
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Figure 146 – Assembly of the downward pull-out test. 
 
 
Figure 147 – Assembly of the downward pull-out test.at the laboratory (Front View I). 
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Figure 148 – Assembly of the downward pull-out test.at the laboratory (Back View I). 
 
Regarding the test procedure itself, the analysis of displacements was problematic. As it can 
be seen in the figure above (Figure 148), the LVDT was placed right in the edge of the upper 
steel plate due to space limitations. Therefore, the LVDT would slip out of the plate surface 
during the initial load stages, compromising the readings of this instrument.  To this extent, the 
only data available was the load at the top of the sample and its development through time. The 
curves concerning this behavior are presented below (Figure 149). 
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Figure 149 – Load x time results of the downward pull-out tests. 
 
According to Figure 149, it is possible to observe that a peak load associated with an abrupt 
slippage phenomenon was reached in all tested samples. It is important to emphasize that this 
load is not related to the beginning of the slippage process since the displacements were not 
recorded as previously mentioned. However, it is possible to note that the curves from samples 
2 and 3 presented a load-rate variation during the test, which could mean that the slippage 
phenomenon might have happened considerably before the peak load has been attained.  
Transforming the graph of the Figure 149 in values of bond capacity (with the aid of Eq. 
60), it is possible to visualize a blue area of possible values of ultimate bond capacity for the 
tested samples, ranging from 700 kPa to 1550 kPa (Figure 150). For the purposes of the present 
study, an average bond capacity value of 1.125 kPa will be assumed for the structural evaluation 




  ×   ×  
 [60] 
 





 P = Applied load; 
 D = Sample’s diameter (outside diameter of the steel casing – OD = 21.91 cm); 
 L = Sample’s bond length = 35 cm. 
 
 
Figure 150 – Bond stress x time results of the downward pull-out tests. 
 
All samples presented a gradual cracking of the annulus grout as the loading level increased 
(Figure 151). At the end of the downward pull-out test, when the peak load was achieved, a 
complete detachment of the annulus grout was observed in samples 1 and 3 (Figure 152). 
Sample 2 did not present this behavior and, therefore, four measurements were made in the 
lower part of the steel tube (diametrically opposite measurements) in order to verify the 
maximum displacement achieved by it during the test (Figure 153). The average maximum 
displacement measured with the aid of a caliper was about 20 mm. 
Lastly, the neat cement grout used in the samples had a W/C of 0.5 and no admixtures were 
used such as superplasticizer or anti-shrinkage. Furthermore, all samples presented shrinkage 
as well as small fissures along its surface due to the curing of the neat cement grout. 
    221 
 
 
Figure 151 – Gradual cracking of the annulus grout as the loading level increased. 
 
 
Figure 152 – Complete detachment of the annulus grout at the end of the test. 
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Figure 153 – Average measurement of the steel casing displacement in sample 3. 
 
3.1.1.5. Instrumented static load test and reaction system 
The instrumented static load tests were performed in order to obtain the geotechnical 
capacity of the soil-pile interface, the load vs displacement behavior, and the load transfer along 
the micropile's length. To this extent, a proper reaction system was designed to ensure safety 
during the tests, and it was composed of:  
 A set of reaction steel beams with allowable structural capacity up to 3000 kN. Details 
of the project can be found in Appendix A; 
 A set of 4 micropiles to respond to the compression test load requirements. These piles 
were installed with 18 m long and 0.30 m in diameter. All of them have been reinforced 
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with nine 2-meter-long INCO 45D threaded bars with a nominal diameter of 44 mm, 
yield limit of 89.7 tf, maximum test load of 80.7 tf and elastic modulus of 206 GPa; 
 A set of 2 micropiles was used as support for the uplift test load requirements. The first 
one was the M5 tested pile and the second one was an additional pile performed with 
the same characteristics as the piles of the previous item with the addition of 3 casing 
steel tubes at the upper portion of the pile in order to absorb the compression loads 
performed during the test; 
 Auxiliary items such as steel plates and threads. They were used to ensure the level of 
the reaction system and the connection between the threaded bars, respectively; 
 Reinforced concrete pile caps were built on each micropile so that the tests could be 
performed properly, i.e., transferring the loads from the reaction system through the 
micropile evenly as well as ensuring a plain horizontal surface for the hydraulic jack 
support. 
 
It should be pointed out that the location of the reaction micropiles can be observed back in 
Figure 106. In addition, all of them were performed with a water/cement ratio of 0.5 and gravity 
grouted, i.e., without any additional pressure (Type A). 
The micropile's caps subjected to compression loads had dimensions of 60 cm x 60 cm x 60 
cm as it can be seen in the following project detail (Figure 154), except for the M1 cap that was 
built with larger dimensions (80 cm x 80 cm x 60 cm) in order to correct the eccentricity caused 
by location problems during the construction phase. Regarding the micropile submitted to 
tensile loads, a cap of dimensions of 30 cm x 30 cm x 30 cm was performed, without structural 
function, with the objective of supporting the LVDT’s (Linear Variable Differential 
Transformer). 
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Figure 154 – Details of the pile cap structural design. 
 
The following figure illustrates both the formwork and the steel reinforcement (steel cages) 
of the pile caps (Figure 155). 
 
Figure 155 – Details of the formworks and the steel cages of the pile caps: (A) 60 cm x 60 cm x 60 cm pile cap 
(M3 and M5), (B) 80 cm x 80 cm x 60 cm pile cap (M5), and (C) 30 cm x 30 cm x 30 cm pile cap (MT). 
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Details of the eccentricity caused by location problems during the construction phase of the 
M1 micropile can be observed in Figures 156 and 157. 
 
Figure 156 – Schematic of the micropile eccentricity regarding the center of the reaction system. 
 
Figure 157 – X-axis and Y-axis eccentricity values related to the center of the reaction system. 
 
The concreting phase of all pile caps was performed according to the design criteria, i.e., 
with a concrete compressive strength up to 30 MPa after 28 days of curing. Four days after the 
concreting phase, all formworks were removed. Figures 158 and 159 illustrate the standard 
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scheme of the reaction piles and tested micropiles for both compression and tension static load 
tests. 
 
Figure 158 – Schematic of the reaction piles and tested micropiles for a compression test (M1, M3, and M5). 
 
 
Figure 159 – Schematic of the reaction piles and tested micropiles for the uplift test (MT). 
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Slow Load Tests (SLT) were performed on the instrumented micropiles according to NBR 
12131/2006. The loadings carried out in the tests were performed in successive stages with 
increments of 100 kN, until the load related to either the geotechnical failure of the soil-pile 
interface or the structural instability of the element was reached. Additionally, all measurements 
such as the applied load, the deformation at the top of the pile and the instrumentation data from 
the instrumented bars were obtained through HBM's QuantumX Assistant 840 data acquisition 
system alongside a read transduction software named Catman Easy (Figure 160). 
 
 
Figure 160 – Schematic of the HBMs data acquisition system working alongside with the read transduction 
software Catman Easy. 
 
The micropiles’ head displacement was monitored by four LVDT’s (Linear Variable 
Differential Transformer), with 100 mm linear stroke and 0.01 mm accuracy, magnetically 
coupled in two parallel steel beams used as a support structure. They were installed at the edges 
of the pile cap during the static load test. An auxiliary digital dial gauge was also used in case 
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of the request system would be interrupted due to a power failure. Finally, two analogic dial 
gauges were installed on two perpendicular faces of the pile cap in order to measure whether or 
not the pile cap was in a rotation mechanism. Figures 161 and 163 illustrate the disposition of 
the LVDT’s with magnetic bases, the digital dial gauge, the support steel beams, and the 
analogic dial gauge laterally placed on the pile cap for the compression tested micropiles. In 
addition, Figure 163 presents the details of these types of equipment for the uplift tested 
micropile. 
 
Figure 161 – Details of the LVDT’s with magnetic bases, the digital dial gauge, the support steel beams, and the 
analogic dial gauge installed laterally in the pile cap (View I). 
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Figure 162 – Details of the LVDT’s with magnetic bases, the digital dial gauge, the support steel beams, and the 
analogic dial gauge installed laterally in the pile cap (View II). 
 
 
    230 
 
 
Figure 163 – Details of the LVDT’s with magnetic bases, the digital dial gauge and the support steel beams in the 
pile cap for the uplift test 
 
Two devices were used for the loading level readings: a high pressure electric hydraulic 
pump (Figure 164) with a capacity of up to 700 bar and 10 bar resolution (coupled with an 
analog pressure gauge) and a 3000 kN load cell (Figures 165) with 10 kN accuracy. Both 
devices were used to ensure reliability and stability in the load measurements since in the slow 
static load test it is essential to maintain the applied load until the stabilization of the pile 
displacement. It is noteworthy that the electric hydraulic pump was connected with a 3.000 kN 
hydraulic jack with a 250 mm linear stroke in order to enable the load application (Figure 164). 
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Figure 165 – Details of the 3000 kN Load cell between two steel plates. 
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The schematic (plan view and elevation view) of both types of load tests (compression and 
uplift) are presented below (Figures 166 to 172). Furthermore, Figures 173 to 176 show the 
assembly of the static load test system in the Experimental Field III. 
 
Figure 166 – Schematic of a compression load test performed on micropiles M5 and M3 (Plan View). 
 
 
Figure 167 – Schematic of a compression load test performed on micropiles M5 (Elevation View). 




Figure 168 – Schematic of a compression load test performed on micropiles M3 (Elevation View). 
 
 
Figure 169 – Schematic of a compression load test performed on micropile M1 - Eccentric micropile (Plan View). 
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Figure 170 – Schematic of a compression load test performed on micropile M1 - Eccentric (Elevation View). 
 
 
Figure 171 – Schematic of a tension load test performed on micropile MT (Plan View) 
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Figure 172 – Schematic of a tension load test performed on micropile MT (Elevation View). 
 
 
Figure 173 – Assembly of the compression load test in the Experimental Field III (Part I). 
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Figure 174 – Assembly of the compression load test in the Experimental Field III (Part II). 
 
 
Figure 175 – Assembly of the tension load test in the Experimental Field III (Part I). 
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Figure 176 – Assembly of the tension load test in the Experimental Field III (Part II). 
 
3.1.1.6. Major issues during micropile installation and load test 
performance 
Three major issues occurred during the construction of the micropiles at the Experimental 
Field III. The first one was related to an error in the location of the micropile M1, which resulted 
in an eccentricity in relation to the reaction system, as discussed in the previous subsection 
(Figures 156 and 157).  
The second one occurred during the micropile M5 postgrouting phase. The postgrouting 
procedure was exclusively performed at the top of the steel casing with the support of a pile’s 
head device (Figure 177) instead of using a double packer in depth (standard procedure used in 
the other piles). This adjustment was performed to check the efficiency of the head device to 
open the special valves. 
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Figure 177 – Details of the postgrouting device at the top of the micropile. 
 
It was observed that no manchette valves opened during the injection phase of M5 
(Appendix A, Table III). This is mainly because the pressure applied by the head device on the 
top of the micropile dissipated through the pile’s depth and did not achieve the minimum 
pressure to open the special valves (2.0 MPa). Additionally, the first line of valves at the top of 
the micropile were severely damaged, which caused a significant leakage of the neat cement 
grout on the perimeter of the pile. Consequently, this leakage was responsible for an erosive 
process in the pile’s head that may have been enhanced by the porous and collapsible 
characteristic of the topsoil (Figure 178). 
In order to contain the leakage, several empty cement bags were placed around the micropile 
(Figure 178). Unfortunately, the cement bags were not removed and, consequently, were 
incorporated into the annulus grout (Figure 179A). As a result, during the static load test, the 
M5 micropile showed a high degree of annulus grout cracking. (Figure 179B). 
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Figure 178 – Leakage issues during M5 construction. 
 
 
Figure 179 – (A) Incorporated empty cement bag into the annulus grout, and (B) Severe annulus grout cracking 
during the static loading test. 
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The last issue was also observed with the micropile M5 and it was related to the topsoil 
removal (see Figure 167) and the lack of adhesion between the micropile structural components. 
As a standard procedure in instrumented load tests, the topsoil surrounding the first “sister” bar 
(reference section) is usually excavated in order to evaluate the deformation modulus of the 
micropile and, therefore, analyze the load distribution along the pile length. However, in the 
present study, it is believed that the topsoil removal may have led to lack of confinement of the 
annulus grout. Additionally, the casing steel tubes had a thin oily surface derived from the 
manufacturing process which could trigger the debonding effects between the structural 
materials. Therefore, the lack of topsoil confinement combined with the loss of adhesion 
between the grout to steel interface caused by either the thin oil surface or the empty cement 
bags incorporated to the annulus grout, as previously discussed, led to the deterioration of the 
annulus grout (Figure 180). In other terms, the outside grout failed by crushing and, afterward, 
debonded from the steel surface due to both (1) lack of lateral confinement in the uppermost 
region of the pile (reference section) and (2) lack of adhesion between the structural materials 
interfaces (grout-steel). 
 
Figure 180 – Grout to steel interface debond effects. 
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Hence, in order to mitigate the debonding effects and also to ensure safety and structure 
stability during the static load tests, micropiles M1, M3, and MT were tested without excavating 
the lateral surface soil around the first strain-gauge. This measure did not influence the pile’s 
modulus determination since it was used the secant and tangent methodology (Fellenius, 
1989;2019) to obtain the micropile modulus. This method evaluates the pile deformation 
module based on data from all instrumented levels and not just the reference section. 
Finally, in the face of the construction issues discussed in this section and to avoid 
misinterpretation of the results of the instrumented load tests of the M3 and MT micropiles, 
which did not present any visible problem during their construction, the results of the 
instrumented load tests of micropiles M1 and M5 will be discussed separately. 
 
3.1.1.7. Preliminary design considerations 
i. Structural capacity 
For the micropiles submitted to compression loads, both the allowable and the ultimate 
compression structural capacity were calculated according to Eq. 19 and Eq. 21, respectively. 
Moreover, strain compatibility between the grout and the higher strength steel casing tube was 
considered. Therefore, the allowable strain of the steel tube (εsteel) was limited to the maximum 
compressive strain before the grout failure (εgrout). To this extent, two scenarios of εgrout were 
considered: 
I. εgrout_1 = 0.003, as recommended by AASHTO (2002) for concrete specimens; 
II. εgrout_2 = 0.0025. i.e., the average maximum compression grout strain achieved by the 
instrumented neat cement grout specimens. 
 
The steel yield stress (Fy-steel) for both scenarios was considered equal to Young’s modulus 
of the steel (Esteel = 205 GPa) multiplied by the scenario’s grout strain. Regarding the unconfined 
compressive strength of the neat cement grout, the average fck28 of the instrumented specimens 
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Table 41 – Allowable and ultimate compression structural capacity for the two scenarios of εgrout. 


















2 0.0025 513 1495 3180 
 
In terms of allowable and ultimate tension capacity, Eq. 20 and 22 were used to calculate 
them. These equations do not use the strength values of the neat cement grout as its tensile 
strength is irrelevant. Furthermore, the value of steel yield stress (Fy-steel) considered in the 
present case was equal to the value of the steel threaded bar (INCO-100D) instead of the yield 
stress of strength steel casing, since the last has a higher value. In other words, the steel threaded 
bar would yield first. Also, it is important to emphasize that these calculations do not address 
the capacity of the casing joints. 
As a result, the value of both the allowable and the ultimate uplift structural capacity are 
given below. 
             (    ) =  0.55                  × (          +        )  
             (    ) = [0.55 × 588 × (0.0037 + 0.0054)] 
             (    ) =  .        =   ,        
 
            (    ) =                    × (          +        )  
            (    ) = [588 × (0.0037 + 0.0054)] 
            (    ) =  .        =   ,        
 
Finally, the limit bond capacity between the steel casing tube and the neat cement grout was 
estimated using Eq. 18, the value proposed by Liew and Fong (2003) for clean and plain bar 
(Table 21), and the average value of the downward pull-out test described in section 3.1.1.4. 
For the preliminary design of this study, the average values (τmax_average) between them were 
considered (Table 42). 
 
Table 42 – Average value of limit bond capacity between the steel casing tube and the grout interface (τmax_average) 
     = 0.3 ×             
(kPa) 
τmax for clean and plain bar 
(Liew and Fong, 2003) 
(kPa) 







1162 1000 1125 1096 
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Lastly, it should be emphasized that the average unconfined compressive strength of the 
neat cement grout was inferior to the values suggested by the FHWA (2005), EN 14199 (2005), 
and NBR 6122/2019 (28 MPa, 25 MPa, and 20 MPa, respectively). In addition, considering the 
diagram of the effect of water content on grout compressive strength (Figure 81) proposed by 
Littlejohn and Bruce (1977), it can be seen that for this average unconfined compressive 
strength, the water-cement ratio used in the site would have been around 0.7 instead of 0.5. 
Indeed, the samples of neat cement grout presented a high degree of shrinkage which indicates 
excessive water content (see section 3.1.1.2.). 
 
ii. Geotechnical Capacity 
The micropile allowable geotechnical capacity (PG-allowable) was calculated according to the 
Eq. 6, proposed by the FHWA (2005), while the ultimate geotechnical capacity (PG-ultimate) was 
estimated according to Eq. 16. To this extent, a global factor of safety (FOS) equal to 2.0 was 
considered as it is suggested by the NBR 6122/2019. 
The pile bond length (Lb) of all micropiles was considered equal to the total length of the 
micropile, i.e., around 17 m and their diameter equal to the diameter of the drill hole (Db = 30 
cm). Hence, the micropiles were considered to be fully bonded to the surrounding soil. The 
αbond adopted for the preliminary design was the average value among the range of 50 - 145 kPa 
suggested by the FHWA (2005) for silt and clay mixtures (some sand) with soft to medium 
consistency. The main reasons for that are (1) in general, the in-situ soil can be classified as 
high-plasticity silt (MH), according to the USCS classification (2) the FHWA (2005) suggests 
to adopt the average value when dealing with new site conditions, and (3) the average value 
among the range of 35 – 95 kPa suggested by the FHWA (2005) for type B (root pile grouting 
methodology) embedded in silt and clay mixtures (some sand) with soft to medium consistency 
fitted well with the values obtained by Nogueira (2004) for root piles in the Experimental Site 
I (see table 29). As a result, the PG-allowable and the PG-ultimate under compression or tension 
were estimated as being equal to 781 kN and 1,562 kN, respectively, at a length of 17 m 
considering a safety factor of 2.0. 
Additionally, the maximum grout-to-ground bond resistance was estimated using the 
methods for Type D micropiles presented in Table 12, section 2.5.1.3.i., in order to compare 
the values from the semiempirical formulations with the values developed during the load tests. 
Table 43 presents the qs of the referred methods. 
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Table 43 – Values of grout-to-ground bond resistance (or skin friction) estimated by semiempirical formulations. 









Navg qs_IGU  qs_IRS  
*qs 
(kPa) 














3 53 - 
164 
4 21 - 






18 - 210 




18 - 181 
-8 9 

















Note – D-Q (Decourt-Quaresma); B-D (Bustamante-Doix); *qs = weighted arithmetic average of the grout-to-
ground bond resistance. 
 
Finally, it is important to state that the estimated grout-to-steel interface bond strength 
(τmax_average, in Table 42) was higher than the estimated grout-to-ground bond strength. 
Therefore, geotechnical failure in the grout-to-ground interface may develop in the first place. 
Furthermore, the structural capacity of the micropile is controlled by the structural strength of 
the micropile cross-section instead of the bond capacity between grout and steel. 
 
iii. Buckling Evaluation 
In order to evaluate whether or not the micropiles submitted to compression loads would 
develop buckling, it was necessary to estimate the Young’s modulus of the superficial weak 
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soil (Es). In this instance, the Dilatometric Marchetti Test was used to assess this soil parameter 
since this test leads to better results than the SPT or CPT correlations. 
The “unsupported” length of the micropile (l from Eq. 22), which is assumed to be the 
thickness of the relatively weak soil, was considered equal to 4.0 m since in this region the 
average NSPT values were lesser than 4 blows. Thus, the values used from the data provided 
from the DMT was the average values of the Dilatometer modulus (Ed), the Material index (Id) 
and the Horizontal stress index (Kd) of the initial 4 m of the ground depth (Table 44).  
 
Table 44 – Average values of Ed, Id, and Kd for the initial 4 m of the ground depth. 
Depth (m) ED_avg (MPa) ID_avg KD_avg 
4 5.89 1.24 6.58 
  
By using the Marchetti et al. (2006) methodology it was possible to calculate the parameters 
MDMT, RM, and RM0 with the Eq. 38, 39, and 40, respectively, and the average values described 
in Table 44. Hence, for an average soil Poisson’s ratio of ν = 0.25-0.30, Esoil was estimated 
using Eq. 42. Table 45 presents the values of RM0, RM, MDMT, and Esoil. 
 
Table 45 – Values of RM0. RM, MDMT and ESoil for the initial 4 m of the ground depth. 
Depth (m) RM0 RM MDMT (MPa) Esoil (MPa) 
4 0.236 2.08 12.30 9.84 
 
As mentioned in section 2.5.2.5., the limiting lateral reaction soil modulus to prevent the 
buckling phenomenon is given bellow (EsoilLIMIT). Is noteworthy that only the contribution of 
the steel casing to resist buckling was considered. In other words, the potential benefits of both 






















 = 3.025 x 10-5 m4; 
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 = 0.0054 m2; 
   Epile =        =  205 x 10
3 MPa; 















      = 0.505     =  505    
 
Therefore, as the EsoilLIMIT value was less than the elastic soil modulus measured in situ 
(Esoil), the geotechnical and structural strength of the micropile will control the micropile 
capacity and buckling does need to be addressed. Otherwise stated, the elastic modulus of the 
superficial soil of the Experimental Field III (Esoil= 9.38 MPa) is greater than EsoilLIMIT (Esoil >> 
EsoilLIMIT), i.e., the buckling phenomenon is not likely to occur. 
Lastly, an additional analysis considering the effect of the threaded joints as a buckling-
induced failure mechanism was performed. In this instance, in order to consider the effect of 
joints, Eq. 33 was used to evaluate the critical or limiting lateral soil reaction adopting a reduced 
value for the moment of inertia (Ijoint). To this extent, it was assumed that the wall thickness, 
tw_joint, of the casing at the location of a threaded joint was equal to 50 % of the full casing wall 
thickness, tw_casing, (FHWA, 2005). Thus, the OD of the casing at the joint is then equal to OD 
- 2*(tw_casing/2) = OD - tw_casing. Finally, the limiting lateral reaction soil modulus to prevent the 
















        =          −          =  0.2191 − 0.0082 = 0.2109  ;   







 = 1.42 x 10-5 m4; 






 = 0.0054 m2; 
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   Epile =        =  205 x 10
3 MPa; 
















      = 1.07     =  1074     
 
Thus, even in the abovementioned conservative case, the elastic soil modulus measured in 
situ is still greater than the limiting lateral reaction soil modulus. As a result, the probability of 
failure due to buckling is negligible. It is worth mentioning that the considerations made in this 
section are for compression centric loads at the top of the micropile. 
 
4. RESULTS AND DISCUSSION 
4.1 Slow Maintained Load Test (SMLT) 
In this section, the results and analyzes of the load tests applied to the M1, M5, M3, and 
MT micropiles are presented. The micropiles that exhibited issues during the E.F. III 
construction (see section 3.1.1.6.) will be discussed first, presenting their main limitations 
regarding pile behavior representation. Afterward, the micropiles which did not present any 
major issue during their installation (M3 and MT) will be analyzed in detail. 
In summary, this section will present the load vs. displacement curve developed at the top 
of the pile, the load x strain curves of all instrumented sections, both the tangent and the secant 
micropile deformation modulus, the load transfer along the pile length for each load level, and 
the mobilized bond strength between two consecutive instrumented sections. Additionally, the 
most likely failure mechanism for each load test will be discussed. Finally, at the end of this 
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4.1.1. Micropile - M5 
i. Load-displacement response 
The first load test performed on site was on the M5 micropile on September 26, 2018. As 
mentioned before, this was the only micropile submitted to the excavation of the topsoil near 
the first "sister" bar (see Figures 167). In addition, no manchette valves were opened in the 
postgrouting treatment of this micropile (Appendix A, Table III). 
During the static load test, upon reaching the 1100 kN loading stage, the grout sheath 
(annulus grout) at the top of the pile started to crumble (Figure 181A). As a result, the load 
dropped to 1000 kN without significant increases in the pile head displacement. After this event, 
an attempt was performed in order to increase back the load stage of 1100 kN. During this stage, 
the micropile annulus grout started to present a more severe cracking aspect associated with 
substantial difficulty in maintaining the applied load (Figure 181B). At the end of the second 
failure scenario, the load dropped to a value of 525 kN with a 26.6 mm movement of the pile 
head. A third load-adding alternative was performed, but with the same result. Upon reaching 
the load of 790 kN the micropile showed excessive downward movement along with intense 
annulus grout degradation. 
 
Figure 181 – (A) Annulus grout crumble at the load of 1100 kN (B) Severe cracking upon load-adding stages. 
 
Figure 182 illustrates both the load vs displacement and the correct load vs displacement 
curves at micropile’s head. The correct load vs displacement curve considers the effect of soil 
movement and grout creep during the load-holding periods. It is worth mentioning that the total 
displacement was calculated as the average of the displacements measured by the four LVDT's 
placed in each corner of the pile cap. 
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Figure 182 – Load-displacement and Correct Load x Displacement of Micropile - M5. 
 
The load test was monitored using two methods: the stiffness concept proposed by Decourt 
(1996) and a settlement limit adaptation of the Fuller and Hoy (1970) method in order to predict 
whether or not the geotechnical capacity was close to being reached. In the first method, each 
load was divided into its corresponding movement and plotted the resulted value against the 
applied load (Figure 183A). The Decourt interpreted failure load (QDEC) was equal to (-α)/β 
when y from the equation of the best trend line (y = βQDEC + α) tended to zero. In the second 
method, each applied load was plotted against the resulted value of each displacement divided 
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First Plunging Failure 
Second Plunging Failure 
Third Plunging Failure 
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Fuller and Hoy (1970) is equal to the minimum load that occurs at a rate of the total 
displacement of 0.14 mm/kN.  As this rate was not achieved during the load test, an optimum 
trend line was plotted in order to achieve it. Therefore, the adapted Fuller and Hoy interpreted 
failure load was equal to y of the best trend line when x is equal to 0.014 mm/kN. Finally, the 
most interesting aspect of both graphs is that the ultimate geotechnical capacity was far from 
being achieved.  
 
 
Figure 183 – Micropile - M5 load test monitoring and interpreted geotechnical failure load by (A) Decourt (1996) 
methodology and B) Fuller and Hoy (1970) adaptation. 
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ii. Instrumentation data interpretation 
Figure 184A presents the diagram of the pile compressive stress vs measured strain at each 
gage level while Figure 184B shows the correct curves considering the creep phenomenon 
developed during the load-holding periods for each strain gauge level. Closer inspection of the 
figures shows that creep movement was in general not substantial and it starts to develop after 
a pile compressive stress of 10 MPa in the uppermost instrumented section. 
  
Figure 184 – (A) Stress-strain curves of M5 micropile obtained from the instrumented sections and (B) corrected 
values considering creep response. 
 
From the analysis of the instrumentation data, it was possible to estimate the tangent 
micropile modulus and its decay rate according to the Fellenius (1989) methodology. To this 
extent, each load variation was divided into its corresponding strain variation and plotted the 
resulted value against the induced strain (Figure 185). The upper diagram of Figure 185 
includes the data from all gage levels with the Tangent Modulus axis in logarithmic scale (in 
order to provide a better visualization of all values into the diagram) while the lower diagram 
illustrate the Tangent Modulus values in a linear scale for the gauge sections of 0.6 m (SR), 4.1 
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Figure 185 – M5 Tangent modulus diagram. 
 
From Figure 185, it is possible to observe that only the two uppermost instrumented sections 
tend to establish a straight line (SR and 4.1) after a deformation of 350 με, approximately. At 
this point, all shaft resistance from the reference section to a depth of 4.1m has been fully 
mobilized. In other words, this line represents the tangent modulus of a free column with the 
same properties of the pile without the effects of the surrounding soil. The linear regression of 
this line (purple line) offered the B and A coefficients of Eq. 55 which provides the initial 
tangent modulus and the decay rate of the tangent modulus (Best Fit Line). As a result, the 
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average initial tangent modulus was 15.683 GPa and the rate of the pile modulus degradation 
was -0.006 GPa per microstrain. The secant modulus of each load stage for each instrumented 
section was calculated with Eq. 58 and is presented in Table V – Appendix A. Finally, a 
substantial degradation of the secant modulus of the reference section (from a value of 15.7 
GPa to 11.7 GPa just before the micropile failure) throughout the load increment at the top of 
the micropile can be observed in the figure below. 
 
Figure 186 – Micropile – M5 secant modulus degradation for each instrumented level. 
 
The load distribution along the micropile length was estimated using the secant modulus 
(Table V – Appendix A) and Eq. 57. Figure 187 shows the load distribution diagram for each 
applied load at the top of the micropile while Table 46 presents the main results obtained 
through instrumentation data interpretation. Finally, Figures 188 to 191 show the distribution 
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Figure 187 – Load distribution for each load applied at the top of the micropile (M5). 
 






LOAD DISTRIBUTION (kN) = Esec x με x Apile 
UNIT SHAFT RESISTANCE 




(% of Total 
Load) 
0m 4.1m 11.6m 16.2m 
17 m 
(extrapolated) 
0-4.1 4.1-11.6 11.6-17 AVG 
0 0 0 0 0 0 0 0 0 0.0 0 0% 
100 1.4 100 10 1 0 0 23.3 1.2 0.3 6.2 0% 
200 2.8 200 26 4 1 0 45.0 3.1 0.8 12.5 0% 
300 4.2 300 47 8 1 0 65.4 5.6 1.5 18.7 0% 
400 5.7 400 75 12 2 0 84.1 8.9 2.4 25.0 0% 
500 7.1 500 109 19 2 0 101.3 12.7 3.7 31.2 0% 
600 8.5 600 145 26 3 0 117.8 16.8 5.0 37.4 0% 
700 9.9 700 184 34 3 0 133.4 21.3 6.7 43.7 0% 
800 11.3 800 244 45 4 0 144.0 28.1 8.9 49.9 0% 
900 12.7 900 316 58 4 0 151.0 36.5 11.5 56.2 0% 
1000 14.1 1000 378 69 3 0 160.9 43.7 13.6 62.4 0% 
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Figure 188 – M5 unit shaft resistance diagram for each load increment (Part I). 
 
 
Figure 189 – M5 unit shaft resistance diagram for each load increment (Part II). 
 
 
Figure 190 – M5  unit shaft resistance diagram for each load increment (Part III). 
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Figure 191 – M5 unit shaft resistance diagram for each load increment (Part IV). 
 
These results suggest that the pile failed due to the deterioration of the annulus grout at the 
top of the pile and the ultimate geotechnical axial capacity was not close to being achieved. The 
outside grout failed by crushing and, afterward, debonded from the steel surface. In fact, the 
pile compressive stress at the top of the micropile during the first plunging failure was higher 
than the average unconfined compressive strength of the neat cement grout (fck28 = 15MPa).  
The factors that enhanced the structural failure mechanism at the top of the micropiles were 
(1) empty cement bags incorporated to the annulus grout, (2) thin oil layer in the steel tube 
surface, (3) compromised grout resistance due to loose soil contamination from a poor cleaning 
in the drilling phase, and (4)  lack of confinement due to the topsoil excavation. 
From Figure 191, it can be seen that the maximum unit shaft resistance of the sandy clay 
soil (qs_0-4.1 = 163.1 kPa) was considerable high in view of its average SPT blow counts 
(NSPTavg = 4). As there was not a postgrouting treatment in this micropile, this behavior may 
be justified by the considerable injection pressures of the preliminary treatment (p = 1.4 MPa) 
and also due to the excessive neat cement grout leakage that occurred during the micropile 
installation as discussed in section 3.1.1.6. These events may have: (1) influenced the 
characteristics of the topsoil enhancing its capacity to absorb stress (2) increased the pile 
diameter in this region, and (3) enhanced the roughness of the shaft surface. The maximum unit 
lateral resistance obtained by this region was considerable higher than the average values 
obtained by Albuquerque (2001), in the Experimental Field I, for this same soil layer (depth <  
5m), for traditional bored piles (qs_0-5 = 31.5 kPa), continuous flight auger (qs_0-5  = 76 kPa), 
and screw piles (qs_0-5  = 45 kPa). Furthermore, this value was also greater than the values 
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obtained by Nogueira (2004),  in the Experimental Field I, for this same soil layer (depth <  
5m), for Type B Root Micropiles (qs_0-5  = 68 kPa). 
Finally, as no significant lateral resistance mobilization was observed in the last pile 
segment (11.6. to 17.0 m), and also no tip resistance was mobilized, it is possible to infer that 
the ultimate geotechnical capacity was remote. 
 
4.1.2. Micropile - M1 
i. Load-displacement response 
The M1 micropile was submitted to the static load test on October 10, 2018. As mentioned 
in section 3.1.1.6. this micropile was loaded eccentrically due to errors in its location. Thus, it 
can be inferred that the results obtained by both the instrumentation and the load vs 
displacement curve do not define the actual behavior of a centrally loaded micropile and yet 
just an approximation of its performance. Moreover, of a total of 34 valves, 8 of them were 
opened during the postgrouting phase (Appendix A, Table I). 
Over the course of the load test, it was possible to observe an unconventional behavior of 
the LVDT's and the auxiliary digital dial gauge. Two LVDT's were measuring downward 
displacements along with the digital gauge (Figure 192A) while the other two LVDT's were 
measuring upward displacements (Figure 192B). This phenomenon was already expected as 
the micropile was eccentric positioned regarding the reaction system and, therefore, closer to 
the LVDT's which were moving upwardly. In summary, the pile/cap system was operating 
analogously to a beam with one side simply supported (roller) and the other side with a free 
end. 
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Figure 192 – (A) LVDT's and digital gauge measuring downward displacements (B) LVDT's measuring upward 
displacements. 
 
Upon reaching the 1300 kN stage load, the pile cap gradually rotated until the contact of the 
load cell and the reaction system was lost. To ensure safety on site, there was no load increase 
after this event. The micropile was progressively discharged to a zero-load level and the test 
was declared finished. Figures 193 and 194 show the rotated pile cap details after the load test 
conclusion and Figure 195 illustrates the topsoil surface cracking near the pile cap during the 
last load stage. 
 
Figure 193 – Pile cap rotation details. 




Figure 194 – Pile cap lifting details. 
 
 
Figure 195 – Topsoil surface cracking surrounding the pile’s cap. 
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Figure 196 illustrates both the load vs displacement and the correct load vs displacement 
curves at the micropile’s head. It shows that the creep response started to develop two stages 
before the micropile failure. 
 
Figure 196 – Load-displacement and Correct Load x Displacement of micropile M1. 
 
The load test monitoring was performed according to the same procedures described for the 
Micropile – M5. Based on them, the ultimate geotechnical capacity on the soil-pile interface 
was not imminent (Figure 197). These data must be interpreted with caution since the average 
displacement characterizes both the micropile and the pile cap downward movement acting 
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with the pile cap was not removed, as previously discussed in section 3.1.1.6. To this extent, 
Figures 196 and 197 present the behavior of a single pile raft system rather than a single pile 
behavior as it occurred with the Micropile - M5. This event also happened with the Micropile - 
M3 which will be discussed in the following sections. It should be emphasized that the present 
study will not evaluate the contribution of the load capacity of the block-soil contact since the 
surface soil of the region (within a depth of  2.0 m, approximately) is basically composed of 
red soft clay (NSPT = 2), with a high void index and essentially collapsible. Therefore, the 
block-soil contact would have little influence on the behavior of the loaded pile. In other words, 
the contribution of this interface will be considered irrelevant. Lastly, according to Figure 197, 
the ultimate axial geotechnical capacity of the Micropile - M1 would be reached at a load stage 
of 1710 kN, based on the stiffness method. On another hand, the ultimate axial geotechnical 
capacity based on the Fuller and Hoy adapted method would be reached at a load stage of 1900 
kN, approximately. 
  
Figure 197 – M1 load test monitoring and interpreted geotechnical failure load by (A) Decourt (1996) 
methodology and B) Fuller and Hoy (1970) adaptation. 
 
ii. Instrumentation data interpretation 
Figure 198A presents the diagram of the pile compressive stress vs measured strain at each 
gage level. Furthermore, Figure 198B provides the correct curves considering the creep 
phenomenon developed during the load-holding periods for each strain gauge level. Similar to 
the behavior of previous micropile, it is apparent from Figure 198A that very few creep 
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responses were developed in all instrumented sections until a pile compressive stress of 10 MPa. 
Nevertheless, after this loading stage, considerable creep response was verified, especially in 
the first “sister” bar (reference section). This is likely to be occurred due to excessive combined 
axial compression and bending stresses on the top of the micropile which was caused by the 
eccentric load. Otherwise stated, the creep response was particularly associated with the 
structural cross-section of the top of the micropile. 
  
Figure 198 – (A) Stress-strain curves of M1 micropile obtained from the instrumented sections and (B) corrected 
values considering creep response. 
 
Figure 199 presents the tangent modulus diagram of the Micropile - M1. The upper diagram 
includes the data from all gage levels with the modulus axis in logarithmic scale while the lower 
diagram illustrates the modulus values in a linear scale. It is possible to observe in Figure 199 
that the two uppermost instrumented sections tend to establish a tangent modulus line. In 
addition, the third gauge level (11.6) also mobilized a significant shaft resistance and tend to 
step into the tangent modulus line, just before the micropiles failure. At this point, all shaft 
resistance from the reference section to a depth of 11.6m has been fully mobilized. According 
to the Best Fit Line, the initial tangent modulus for the Micropile - M1 was 14.91 GPa and its 
rate of decay was -0.0079 GPa per microstrain. The secant modulus of each load stage for each 
instrumented section is indicated in Table VI – Appendix A. In addition, Figure 200 shows the 
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Figure 199 – M1 Tangent modulus diagram. 
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Figure 200 – Micropile – M1 secant modulus degradation for each instrumented level. 
 
From Figure 199, it can be seen that the tangent modulus degradation rate of the M1 
micropile resulted in a value of about 32% higher than the rate of decay observed for the M5 
micropile. Besides, Figure 200 indicates a severe degradation of the secant modulus of the 
reference section (from a value of 14.9 GPa to 3.4 GPa just before the micropile failure). This 
may indicate a plastic behavior of the structural cross-section of the micropile at the uppermost 
region (near the ground level). 
Figure 201 presents the load distribution along micropile length and Table 47 presents the 
values of the load distribution on each level, the mobilized shaft resistance, and the cement 
consumption in the postgrouting treatment on each section. In addition, Figures 202 to 206 
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Figure 201 – Load distribution for each load applied at the top of the micropile (M1). 
 






LOAD DISTRIBUTION (kN) = Esec x με x Apile 
UNIT SHAFT RESISTANCE 




(% of Total 
Load) 
0m 4.1m 11. m 15.4m 
16.5m 
(extrapolated) 
0 - 4.1 4.1 - 11.6 11.6 - 16.5 AVG 
0 0 0 0 0 0 0 0.0 0.0 0.0 0.0 0% 
100 1.4 100 41 3 0 0 15.4 5.3 0.7 6.4 0% 
200 2.8 200 58 4 0 0 36.7 7.6 0.9 12.9 0% 
300 4.2 300 104 5 1 0 50.8 13.9 1.1 19.3 0% 
400 5.7 400 159 9 2 0 62.5 21.1 2.0 25.7 0% 
500 7.1 500 234 17 3 0 68.8 30.7 3.6 32.2 0% 
600 8.5 600 312 26 5 0 74.5 40.5 5.7 38.6 0% 
700 9.9 700 390 34 7 0 80.2 50.3 7.5 45.0 0% 
800 11.3 800 483 46 9 0 82.0 61.9 9.9 51.4 0% 
900 12.7 900 579 58 13 0 83.1 73.7 12.6 57.9 0% 
1000 14.1 1000 655 72 16 0 89.2 82.5 15.7 64.3 0% 
1100 15.6 1100 776 108 22 0 83.9 94.5 23.3 70.7 0% 
1200 17.0 1200 803 115 23 0 102.7 97.4 24.8 77.2 0% 
1300 18.4 1300 888 152 30 0 106.6 104.2 32.9 83.6 0% 
CEMENT CONSUMPTION – POSTGROUTING 
TREATMENT (kg) 
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Figure 202 – M1 unit shaft resistance diagram for each load increment (Part I). 
 
 
Figure 203 – M1 unit shaft resistance diagram for each load increment (Part II). 
 
 
Figure 204 – M1 unit shaft resistance diagram for each load increment (Part III). 
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Figure 205 – M1 unit shaft resistance diagram for each load increment (Part IV). 
 
 
Figure 206 – M1 unit shaft resistance diagram for each load increment (Part V). 
 
From the facts exposed in this section, it can be stated that the predominant failure 
mechanism of M1 micropile was different from that developed by the M5. As the stage loads 
were applied eccentrically to the pile-cap system, there was a tendency for the pile cap to rotate 
during the test. Indeed, the cap experienced this phenomenon upon reaching a load of 1300 kN. 
As the pile cap rotation took place slowly and gradually during the test rather than in a brittle 
and sudden manner, it appears that both the topsoil (see Figure 195) and the uppermost cross-
sectional area of the micropile exhibited progressive plastification because of the additional 
axial forces and bending moment caused by the eccentrically applied load. 
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In order to check whether or not the allowable combined stress due to axial load and bending 
moment at the top of the micropile was exceeded, the method of Richards and Rothbauer (2004) 
was applied considering two scenarios: steel casing tube with or without threaded joints along 
the pile length. Moreover, Figure 207 illustrates the main pile-head loading conditions. 









  Pc = 1300 kN; 
 PSC-allowable = [(0.4×15×0.0322)+(0.47×513×0.0054)]×1000 = 1495 kN 
 Mmax = Pc x emax = 1300 × 0.1753 = 228 kN × m; 
 Mallowable = Fb (=0.55 Fy-steel,casing) × S = 0.55× Fy-casing× Icasing/(OD/2); 








= 3.79 ≫ 1.0 (        ). 
 









  Pc = 1300 kN; 
 Pc-allowable = [(0.4×15×0.0322)+(0.47×513×0.0054)]×1000 = 1495 kN 









 = 0.000135089 m3; 
 Mallowable = Fb (=0.55 Fy-steel,casing) × Sjoint; 








= 6.87 ≫ 1.0 (        ). 




Figure 207 – M1 pile-head loading conditions. 
 
From the results above, it is possible to note that the allowable combined stress was 
substantially exceeded in both scenarios which may have caused the structural failure (buckling 
induced failure at the top of the micropile). In fact, the uppermost region of the micropile 
experienced considerable creep response which can reinforce this statement. Furthermore, the 
maximum value of eccentricity (emax = 17.53 cm) was almost six times greater than the 
allowable eccentricity (eallowable = 0.1×30 = 3 cm) caused by misconstruction according to NBR 
6122/2019. Finally, the degradation of the secant modulus of the micropile (from 14.9 to 3.4 
GPa at the reference section and from 14.9 MP to 9.9 GPa at the gauge level of 4.1 m) can also 
support the hypothesis of structural failure at the uppermost region of the micropile. 
On the day after the static loading test, the pile cap was removed to check the conditions of 
the uppermost region of the pile shaft. Figures 208 and 209 show that indeed the steel tube and 
the annulus grout were severely damaged. Additionally, Figure 204 indicates a lack of efficient 
washing and inadequate removing of loose soil between the two surfaces (steel tube and neat 
cement grout) during the micropile construction which could lead to poor adherence between 
them. 
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Figure 208 – Steel tube dented at the threaded joints. 
 
 
Figure 209 – Severe cracking in annulus grout. 
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Closer inspection of Figures 202 to 206 shows that if the loading stages were applied 
centrally, the micropile would not suffer geotechnical failure at the soil-pile interface at the 
loading level of 1300 kN. When comparing the mobilized unit shaft resistance at the last loading 
stage, in the last segment (qs_11.6-16.5 = 32.9 kPa), with the estimated values of the preliminary 
design and the one presented in Tables 43, it can be observed that the mobilized lateral 
resistance of this segment should be at least 100 kPa. Besides, according to table 47, no tip 
resistance was mobilized. Finally, the upper soil region also mobilized significantly shaft 
resistance (qs_0-4.1 = 106.6 kPa), similar to the M5 micropile. This effect may have been due to 
both the considerable injection pressures at the preliminary treatment (p = 1.6 MPa) and the 
postgrouting phase at a pile’s depth of 3.5 m (see Table III, Appendix A). 
 
4.1.3. M3 
i. Load-displacement response 
The M3 micropile was submitted to the static load test on October 05, 2018. According to 
Appendix A, Table II, 15 manchette valves were opened throughout the postgrouting phase. 
During the static loading test, upon reaching the load level of 1700 kN, the pile suffered a 
sudden failure associated with high deformation on the top pile cap. After the first rupture, the 
system stabilized at a load level of 1000 kN. Two more attempts to increase the load were made. 
However, whenever the load reached a value of approximately 1340 kN, the pile developed a 
sudden new rupture associated with significant deformations. After the third plunging failure 
the micropile was progressively discharged to a zero-load level and the test was declared 
finished. 
Figure 210 shows the final position of the pile cap afterward the third plunging failure. It is 
apparent that the cap suffered a slight rotational movement despite no major executive 
eccentricities were observed during the installation phase. 
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Figure 210 – Final position of the pile cap after the third plunging failure. 
 
Figure 211 illustrates both the load vs displacement and the correct load vs displacement 
curves at the micropile’s head while Figure 212 presents the load test monitoring by the stiffness 
concept proposed by Decourt (1996) and the settlement limit adaptation of the Fuller and Hoy 
(1970) methodology. What stands out in Figure 212 is that the geotechnical failure was far from 
being reached according to the stiffness concept (Figure 212A). Regarding the adaptation of 
the Fuller and Hoy (1970) methodology, the limit geotechnical load that occurs at a rate of a 
total displacement of 0.14 mm/kN would have been achieved within two more additional load 
stages (Figure 212B) if the pile cap had not rotated. 
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Figure 212 – M3 load test monitoring and interpreted geotechnical failure load by (A) Decourt (1996) 
methodology and B) Fuller and Hoy (1970) adaptation. 
 
ii. Instrumentation data interpretation 
Figure 213A presents the diagram of the pile compressive stress vs measured strain at each 
gage level while Figure 213B indicates the correct curves considering the creep response. What 
is striking about the figure below is that the load test interval that corresponds to a pile 
compressive stress between 10 to 18 MPa has a total deformation of about 2303 με in the 
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reference section. Additionally, a deformation equal to 937 με was caused during the load-
holding periods. In other words, a deformation of about 40% of the total deformation in this 





Figure 213 – (A) Stress-strain curves of M3 micropile obtained from the instrumented sections and (B) corrected 
values considering creep response. 
 
Figure 214 presents both the tangent modulus diagram of the M3 micropile with the 
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modulus values in a linear scale (bottom diagram). Unlike the behavior of the previously 
discussed micropiles, the three uppermost instrumented sections along M3 tend to establish a 
tangent modulus line, i.e., these sections mobilized all shaft resistance of the surrounding soil. 
In addition, the last gauge level (15.8) also mobilized a significant shaft resistance and tend to 
step into the Tangent Modulus Best Fit Line (purple line). Therefore, it can be inferred that all 
shaft resistance was close to being fully mobilized. 
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The average initial tangent modulus for M3 was 14.187 GPa and the slope of the tangent 
line was -0.005 GPa per microstrain. The secant modulus of each load stage of each 
instrumented is shown in in Table VII – Appendix A. Finally, it can be seen a severe degradation 
of the secant modulus of the reference section (from a value of 14.2 GPa to 5.1 GPa at the last 
load stage) in the figure below. 
 
Figure 215 – M3 Tangent modulus diagram. 
 
Figure 216 illustrates the load distribution along micropile length. Furthermore, Table 48 
shows the values of the load distribution on each level, the mobilized shaft resistance along 
with the cement consumption in the postgrouting treatment on each section, and the percentage 
of tip resistance. Besides, Figures 217 to 222 indicate the distribution of the unit shaft resistance 
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Figure 216 – Load distribution for each load applied at the top of the micropile (M3). 
 






LOAD DISTRIBUTION (kN) = Esec x με x Apile 
UNIT SHAFT RESISTANCE 
(OR UNIT SKIN FRICTION) 
(kPa) TIP RESISTANCE 
(% of Total Load) 
0 m 4.1 m 11.6 m 15.8 m 
17 m 
(extrapolated) 
0 - 4.1 4.1 - 11.6 11.6 - 17 AVG 
0 0.0 0 0 0 0 0 0.0 0.0 0.0 0.0 0% 
100 1.4 100 60 5 1 0 10.5 7.7 1.0 6.2 0.0% 
200 2.8 200 116 11 2 0 21.8 14.8 2.2 12.5 0.0% 
300 4.2 300 175 16 3 0 32.4 22.5 3.1 18.7 0.0% 
400 5.7 400 258 25 4 0 36.8 33.0 4.9 25.0 0.0% 
500 7.1 500 330 35 6 0 43.9 41.8 6.9 31.2 0.0% 
600 8.5 600 452 50 8 0 38.2 57.0 9.8 37.4 0.0% 
700 9.9 700 533 61 11 0 43.1 66.9 11.9 43.7 0.0% 
800 11.3 800 616 76 13 0 47.6 76.4 15.0 49.9 0.0% 
900 12.7 900 693 90 18 0 53.4 85.4 17.6 56.2 0.0% 
1000 14.1 1000 774 118 37 14 58.4 92.9 20.4 61.6 1.4% 
1100 15.6 1100 852 144 49 22 64.2 100.2 24.0 67.3 2.0% 
1200 17.0 1200 936 182 58 22 68.4 106.6 31.5 73.5 2.0% 
1300 18.4 1300 1010 227 68 23 75.1 110.8 40.0 79.7 1.8% 
1400 19.8 1400 1084 271 79 24 81.9 114.9 48.6 85.9 1.7% 
1500 21.2 1500 1208 425 107 16 75.6 110.8 80.2 92.6 1.0% 
1600 22.6 1600 1268 615 163 35 85.8 92.5 114.0 97.7 2.1% 
1700 24.1 1700 1312 732 251 113 100.4 82.1 121.5 99.0 6.6% 
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Figure 217 – M3 unit shaft resistance diagram for each load increment (Part I). 
 
 
Figure 218 – M3 unit shaft resistance diagram for each load increment (Part II). 
 
 
Figure 219 – M3 unit shaft resistance diagram for each load increment (Part III). 
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Figure 220 – M3 unit shaft resistance diagram for each load increment (Part IV). 
 
 
Figure 221 – M3 unit shaft resistance diagram for each load increment (Part V). 
 
 
Figure 222 – M3 unit shaft resistance diagram for each load increment (Part VI). 
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By analyzing the load distribution graph along the length of the pile (Figure 216) and the 
development of the tangent modulus diagram (Figure 214) it can be observed that when the 
load stage reached the value of 1700 kN, the shaft resistance (or grout-to-ground bond strength) 
may have developed its full mobilization or is about to reach it. In other words, there is a 
tendency for parallelism in the lines associated with the last two loading stages, indicating that 
the geotechnical lateral resistance has been saturated.  The parallelism effect was also 
highlighted by Albuquerque (2001), and observed by Holman and Barkauskas (2007), and 
Barbosa (2019). 
Moreover, there was an unconventional behavior when changing the load stage from 1400 
kN to 1500 kN (Figure 216). The unit shaft resistance of the first (0 to 4.1 m) and the second 
(4.1 to 11.6 m) segments decreased instead of increasing or stabilizing (full mobilization), 
indicating a soft-strain behavior. Additionally, the unit shaft resistance almost doubled in the 
last section (from 48.6 kPa at a load stage of 1400 kN to 80.2 kPa at a load stage of 1500 kN), 
indicating a considerable increase in the load transfer mechanism in this region due to the post-
peak behavior of the upper layers. This phenomenon has also been observed by Gómez, 
Cadden, and Bruce (2003) as reported in section 2.5.1.1. From that point, the tip started to be 
requested and reached a value of 113 kN at the last loading stage, i.e., about 7% of the total 
applied load at the top of the micropile. As discussed in section 2.5.1.1., when a micropile starts 
to mobilize the tip resistance it means that geotechnical failure is imminent. Thus, the evaluation 
of the tip resistance throughout the loading stages in a static load test evidenced to be an 
effective method for determining the ultimate ground-to-grout bond strength of a micropile as 
emphasized by Han and Ye (2006). 
As reported in section 3.1.1.7.iii., the buckling phenomenon was not likely to develop in 
this micropile (since the load stages were centrally applied), and also its ultimate cross-section 
structural capacity was not achieved in the load test. Besides, no major executive eccentricities 
were observed during the construction phase which in turn reduces the probability of excessive 
combined stress at the top of the micropile. 
Therefore, the structural instability was most likely to be occurred due to the excess of grout 
creep response of the uppermost micropile cross-section area. Likewise micropiles M5 and M1, 
the creep response started to develop after a pile compressive stress of 10 MPa, with significant 
increments after a pile compressive stress of 15 MPa, which in turn it was equal to the average 
unconfined compressive strength of the neat cement grout measured in the laboratory. In other 
words, the uppermost neat cement grout surrounding the pile’s casing may have developed 
excessive cracking which led the pile cap to rotate over the pile’s head. Furthermore, the 
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degradation of the secant modulus of the micropile, from 14.2 MPa to 5.1 MPa at the reference 
section (Figure 215) can also support the hypothesis of grout failure. 
Finally, as the M5 and M1 micropiles, the sandy clay soil at the upper region also mobilized 
significant shaft resistance (qs_0-4.1 = 100.4 kPa). Hence, as the present micropile did not have 
any postgrouting phase in this region, this effect may be justified by the considerable injection 
pressures at the preliminary treatment (p = 2.0 MPa). Regarding the deeper soil horizon (sandy-




i. Load-displacement response 
The MT micropile was submitted to an uplift static load test on October 11, 2018. Based on 
Appendix A, Table IV, only the manchette valves present in the deeper soil layers (at a depth 
from 8 m through 16 m) were opened by in the postgrouting treatment. Moreover, of a total of 
34 valves, 15 of them were opened during the first postgrouting phase while 5 of the were 
opened throughout the second postgrouting phase. 
Over the application of the static loading test, upon reaching the load level of 1600 kN, the 
pile failed abruptly. This event provoked a significant deformation on the top of the pile cap. 
After the first rupture, the system stabilized at a load level of 700 kN. There was one more 
attempt to increase the load level. In this instance, a new sudden failure happened at the load 
stage of 1300 kN with considerable deformations. In order to ensure the safety on-site, the 
micropile was progressively discharged to a zero-load level and the test was declared 
concluded. 
Figure 223 presents both the load vs displacement and the correct load vs displacement 
curves at micropile’s head while Figure 224 shows the load test monitoring. What is interesting 
in Figure 224 is that the geotechnical failure was far from being reached according to the 
stiffness concept (Figure 224A). According to the adaptation of the Fuller and Hoy (1970) 
methodology, the limit geotechnical load would have been achieved within two more additional 
load stages (Figure 224B). 
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Figure 224 – MT load test monitoring and interpreted geotechnical failure load by (A) Decourt (1996) 
methodology and B) Fuller and Hoy (1970) adaptation. 
 
ii. Instrumentation data interpretation 
Figure 225A presents the diagram of the pile uplift stress at the top vs measured strain at 
each gage level. Moreover, Figure 225B provides the correct curves considering the creep 
response. 
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Figure 225 – (A) Stress-strain curves of MT micropile obtained from the instrumented sections and (B) corrected 
values considering creep response. 
 
The MT micropile presented an atypical behavior at the first instrumentation level after a 
stress level at the top of the micropile of 10 MPa (Figure 225A). From this value, the strain 
induced by the applied loads tended to decrease during the load-holding periods rather than 
increase or stabilize. This may have been due to a phenomenon of inadequate adhesion between 
the components of the micropile (steel casing, instrumented set of bars, inner neat cement grout, 
and centrally installed threaded bar - INCO100D). Moreover, as the tensile strength of the grout 
is irrelevant an excessive cracking may have occurred in the uppermost region of the micropile. 
As a result, the plain contact between the surfaces of the micropile’s structural cross-section 
materials may have been impaired. 
Figure 226 shows both the tangent modulus diagram with the modulus axis in the 
logarithmic scale (upper diagram) and the tangent modulus diagram with the modulus values 
on a linear scale (bottom diagram), respectively. The most interesting fact of this figure is that 
the instrumented bars at a depth equal to 4.1 m and 11,6 m presented a tendency to establish 
the tangent line, that is, the complete saturation of the geotechnical lateral resistance. Besides, 
the first “sister” bar indicated an unconventional behavior after and deformation of 400 με, 
probably related to strain gauge malfunction or inappropriate adhesion between the internal 

























































Figure 226 – MT Tangent modulus diagram. 
 
From the interpretation of both diagrams, it was possible to plot the average tangent 
modulus Best Fit Line (purple line). To this extent, the average initial tangent modulus of the 
MT micropile was equal to 19.3 GPa, approximately, and the slope of the tangent line or rate 
of decay was -0.0061 GPa per microstrain. The highest value of the initial tangent modulus in 
comparison with the other micropiles was already expected due to the presence of the additional 
threaded mono bar centrally installed for the load test conduction purpose, which increased the 
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overall stiffness of the micropile. The secant modulus of each load stage of each instrumented 
level is indicated in in Table VIII – Appendix A. Moreover, Figure 227 shows the degradation 
of the secant modulus throughout the load increment at the top of the Micropile – M1 for each 
instrumented section. 
 
Figure 227 – MT Tangent modulus diagram. 
 
Figure 228 illustrates the load distribution along micropile length. Furthermore, Table 49 
shows the values of the load distribution on each level, and the mobilized shaft resistance along 
with the cement consumption in the postgrouting treatment on each section. Besides, Figures 
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Figure 228 – Load distribution for each load applied at the top of the micropile (MT). 
 





LOAD DISTRIBUTION (kN) = Esec x με x Apile 
UNIT SHAFT RESISTANCE 
(OR UNIT SKIN FRICTION) 
(kPa) 
0 m 4.1 m 11.6 m 17m (extrapolated) 0 - 4.1 4.1 - 11.6 11.6 - 17 AVG 
0 0.0 0 0 0 0 0.0 0.0 0.0 0.0 
100 1.4 100 97 11 0 0.8 12.2 2.1 6.2 
200 2.8 200 152 13 0 12.3 19.7 2.6 12.5 
300 4.2 300 248 24 0 13.3 31.7 4.8 18.7 
400 5.7 400 382 37 0 4.7 48.8 7.2 25.0 
500 7.1 500 482 51 0 4.7 60.9 10.1 31.2 
600 8.5 600 600 70 0 0.0 74.9 13.8 37.4 
700 9.9 700 700 93 0 0.0 85.9 18.3 43.7 
800 11.3 800 800 121 0 0.0 96.1 23.7 49.9 
900 12.7 900 900 154 0 0.0 105.6 30.2 56.2 
1000 14.1 1000 1000 201 0 0.0 113.1 39.4 62.4 
1100 15.6 1100 1100 259 0 0.0 119.0 50.8 68.7 
1200 17.0 1200 1200 309 0 0.0 126.0 60.8 74.9 
1300 18.4 1300 1300 369 0 0.0 131.6 72.6 81.1 
1400 19.8 1400 1400 530 0 0.0 123.0 104.2 87.4 
1500 21.2 1500 1500 605 0 0.0 126.6 118.9 93.6 
1600 22.6 1600 1600 674 0 0.0 131.0 132.4 100 































100 kN 200 kN 300 kN 400 kN 500 kN 600 kN
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Figure 229 – MT Unit shaft resistance diagram for each load increment (Part I). 
 
 
Figure 230 – MT Unit shaft resistance diagram for each load increment (Part II). 
 
 
Figure 231 – MT Unit shaft resistance diagram for each load increment (Part III). 
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Figure 232 – MT Unit shaft resistance diagram for each load increment (Part IV). 
 
 
Figure 233 – MT Unit shaft resistance diagram for each load increment (Part V). 
 
 
Figure 234 – MT Unit shaft resistance diagram for each load increment (Part VI). 
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By analyzing the load transfer curves (Figure 228) and Table 48, it can be seen that after 
the loading stage of 300 kN the soil-pile load transfer mechanism did not occur properly to a 
depth of 4.1 m, approximately. This may have been either due to lack of contact between the 
outside grout and the ground or due to  an instrumentation malfunction. Considering the 
experience gained during the prior tests and the low quality of the neat cement grout used in the 
site (low unconfined tensile strength and deformation modulus), the option of non-adherence 
between the soil, annulus grout, and steel tube interfaces is the most likely to have happened, 
especially due to its crushing and, consequently, debonding behavior over traction loads. In the 
present case, the first segment of the micropile reached a shaft resistance peak value of 13.3 
kPa and gradually decreased to a zero value at the sixth loading stage (Table 49). As a result, 
all applied stress at the top of the pile was absorbed by its structural cross-section area (Free – 
Length section). This phenomenon is also called debonding effect as stated by Gómez, Cadden, 
and Bruce (2003) and it happens when the soil-pile interface is not able to retain significant 
shear strength after a post-peak behavior. 
The effect of non-adherence between the steel tube and the outer neat cement grout may 
have been enhanced due to the smooth surface of the structural tube. As a result, the friction 
between the two composite interfaces would have been reduced. A lack of efficient washing 
and inadequate removing of loose soil between the two surfaces (pipe and neat cement grout) 
during the micropile construction may also have potentiated such effect (see Figure 208).  
Therefore, the two plunging failures developed during the load test can be associated with 
high stresses in the free length of the pile. Consequently, excessive shear stress may have 
developed between the central threaded bar and the inner grout interface or between the steel 
casing/inner grout interface. In other words, by applying high tensile loads to the centered 
threaded bar (INCO100D), these loads were transferred to the inner grout which may have 
progressively failed by excessive tension and shear stresses. Indeed, the maximum uplift stress 
applied at the top of the micropile (22.6 MPa) was highly superior to the neat grout tensile 
ultimate stress (fct = 2 MPa, according to Table 40). Hence, the failure of the uppermost neat 
cement grout may have negatively affected the load transfer mechanism between the structural 
elements of the micropile cross-section area. 
It is noteworthy that the MT micropile also developed a post-peak reduction of the 
mobilized shaft resistance in the second segment (4.1 to 11.6 m), similar to the micropile M3. 
Such phenomenon was observed during the change of the loading stage from 1300 kN to 1400 
kN. The mobilized shaft resistance was reduced from 131.60 kPa to 123 kPa (Figure 233). 
Additionally, the unit shaft resistance had a considerably increase in the last section (from 72.60 
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kPa at a load stage of 1300 kN to 104.2 kPa at a load stage of 1400 kN), indicating a 
considerable increase in the load transfer mechanism in this region due to the post-peak 
behavior of the upper layer. 
Finally, similar to the micropile M3, it was observed a tendency for parallelism in the lines 
regarding the last three loading stages (Figure 228), indicating that the full mobilization of the 
ground-to-grout geotechnical bond strength was imminent. Moreover, the present micropile 
developed higher values of shaft resistance in the sandy-clayey silt soil layer (qsavg_4.1-17 = 131.7 
kPa) than the M3 micropile (qsavg_4.1-17 = 102 kPa). This result may be explained by the fact that 
the MT micropile had both a higher cement consumption during its installation (up to 1.5 higher 
than the M3 micropile at this region) and also a second postgrouting phase. 
 
4.1.5. SMLT main results and interpreted failure mechanism 
Tables 50 to 53 summarize the main results discussed in this section regarding the 
instrumented static load test. 
 





















69 0 1100 10 4.1-11.6 15.4 55.3 
11.6-17 15.6 15.5 
Failure 
Mechanism 
Structure failure due to grout deterioration at the top of the micropile. Pile 
geotechnical capacity was not imminent. 
Note – B: initial tangent modulus; A: tangent modulus rate of decay; Esec_section: average section secant modulus; 
qs_section: maximum unit lateral resistance achieved by the load test in a particular pile segment; qs_avg: average unit 
lateral resistance achieved by the load test considering the entire bond length (Lb = 17.0m); qt: tip resistance; Pmax: 
maximum applied load; ρmax: maximum displacement before the first plunging failure. 
 





















84 0 1300 11.3 4.1-11.6 13.9 104.2 
11.6-16.5 14.8 32.9 
Failure 
Mechanism 
Structure failure due to excessive combined axial compression and bending 
stresses on the top of the micropile which was caused by the eccentric load. 
The combined stress may have triggered a buckling induced failure mechanism 
at the top of the micropile . Pile geotechnical capacity was not imminent. 
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Note – B: initial tangent modulus; A: tangent modulus rate of decay; Esec_section: average section secant modulus; 
qs_section: maximum unit lateral resistance achieved by the load test in a particular pile segment; qs_avg: average unit 
lateral resistance achieved by the load test considering the entire bond length (Lb = 17.0m); qt: tip resistance; Pmax 
= maximum applied load; ρmax: maximum displacement before the plunging failure. 
 





















99 1600 1700 20 4.1-11.6 12.9 114.9 
11.6-17 13.9 121.5 
Failure 
Mechanism 
Structure failure due to grout deterioration at the top of the micropile. Pile 
geotechnical capacity was imminent. 
Note – B: initial tangent modulus; A: tangent modulus rate of decay; Esec_section: average section secant modulus; 
qs_section: maximum unit lateral resistance achieved by the load test in a particular pile segment; qs_avg: average unit 
lateral resistance achieved by the load test considering the entire bond length (Lb = 17.0m); qt: tip resistance; Pmax 
= maximum applied load; ρmax: maximum displacement before the plunging failure. 
 



















100 0 1600 20 4.1-11.6 17.9 131.6 
11.6-17 18.8 132.4 
Failure 
Mechanism 
Structure failure due to high tensile stresses at the top of the micropile which 
led to both the outer and the inner grout deterioration. Pile geotechnical 
capacity was imminent. 
Note – B: initial tangent modulus; A: tangent modulus rate of decay; Esec_section: average section secant modulus; 
qs_section: maximum unit lateral resistance achieved by the load test in a particular pile segment; qs_avg: average unit 
lateral resistance achieved by the load test considering the entire bond length (Lb = 17.0m); qt: tip resistance; Pmax 
= maximum applied load; ρmax: maximum displacement before the plunging failure. 
 
 According to Tables 50 to 63, the initial tangent modulus of the micropiles M5, M1 and 
M3 were 15.68 GPa, 14.91 GPA, and 14.18 GPa, respectively. Regarding the rate of 
degradation of the tangent modulus the same micropiles presented values of - 0.006 GPa/με, -
0.0079 GPa/με, and - 0.005 GPa/με, respectively. Moreover, the average secant modulus of the 
first section were equal to 14.5 GPa, 12.3 GPa, and 11.5 GPa, respectively. These values were 
lower than those found by Barbosa (2019), which were A = 18 GPa, B = - 0.0015 GPa/με, and 
Esec = 17.6 GPa, for an instrumented micropile, of same configuration, submitted to 
compression loads.   
Although this comparison indicates a better-quality control of the micropile’s materials, 
especially regarding the neat cement grout of the micropile performed by Barbosa (2019), the 
    294 
 
author also experienced a non-linear behavior in the stress x strain behavior of the reference 
section, indicating a localized failure in the neat cement grout at a low pile compressive stress 
of 8 MPa, approximately.  
In the present study, all micropiles presented a severe creep response at their reference 
section associated with stresses in the range of 10 to 18 MPa, which can also indicate a localized 
neat cement grout failure. Based on the laboratory test results of the specimens of neat cement 
grout extracted during phase IV of the installation of the micropiles on the E.F. III, they 
presented intense shrinkage, low average compressive strength (fck28 = 15 MPa), and low 
elastic modulus (Egrout = 6 GPa). Moreover, during the tests described in section 3.1.1.4., the 
annulus grout presented small fissures even before the tests were actually performed, indicating 
the intensity of the shrinkage effect during the neat cement grout curing. Lastly, all the 
micropiles presented a severe degradation of the secant modulus in the reference section 
throughout the load stages. Therefore, the low structural performance of the neat cement grout, 
especially at the uppermost region of the micropile where the stresses are higher, triggered 
instabilities causing the structural failure of all micropiles. Besides, as the topsoil is relatively 
weak, soft, and porous,  it did not offer enough confinement to the annulus grout of the pile in 
order to provide friction resistance after the adherence factor was lost. 
Regarding the distribution of the lateral friction in-depth, the most interesting aspect is that 
all micropiles submitted to compression loads mobilized a significant geotechnical lateral 
resistance (qs_0-4.1 > 100 kPa) in the sandy clay soil (0 - 4.1 meters) with low penetration index 
(NSPTavg < 4). This result may be explained by the particular characteristics of the executive 
process of the micropile's new configuration, which would end up increasing the pile diameter 
and the shaft irregularities due to the high injection pressures. 
Unlike the M5 and M1 micropiles, the structural instabilities of M3 and MT were triggered 
at higher loading stages. Hence, the unit shaft resistance of these micropiles reached higher 
values (close to the saturation), especially in deep soil layers, when compared to the other 
micropiles. Indeed, their full mobilization was imminent according to the tangent modulus 
methodology proposed by Fellenius (2019) and the adapted Fuller and Hoy (1970) 
methodology. In addition, the parallelism phenomenon observed in the last load stages can 
support this statement. Another interesting aspect is that the M3 and MT micropiles developed 
a strain-softening behavior of the mobilized shaft resistance throughout the static load test. 
Lastly, the M3 micropile was the only one to mobilize tip resistance (qt = 1600 kPa), which 
also supports the hypothesis of the imminent geotechnical failure for this micropile. 
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4.2. Cambefort laws and elastic shortening 
The load transfer functions proposed by Cambefort (1964) will be discussed in this section. 
The functions represent the development of shaft and tip resistance according to the shaft and 
tip displacement, respectively. The First Cambefort Law (Shaft Resistance x Relative Shaft 
Displacement) was applied for all micropiles in this study while the Second Cambefort Law 
(Tip Resistance x Tip Displacement) was applied only to the M3 micropile since it was the only 
one to mobilize tip resistance before the failure mechanism had happened. 
In order to calculate the relative displacements along the shaft and the displacements below 
the tip, it is necessary to calculate the elastic shortening in the instrumented sections, priorly. 
Thus, in order to calculate the shaft elastic shortening, 3 sections along the micropiles were 
considered as can be seen in Figure 235. Moreover, an additional section (h4) was extrapolated 
with the purpose of evaluating the tip displacement. 
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2 ×    ×  
× ℎ  [61] 
 
Where: 
hn = length of the instrumented section; 
Pi = load at the top of the instrumented section; 
Pf = load at the bottom of the instrumented section; 
Esec_section = Average secant modulus of the micropile section; 
Apile = Pile cross – section area. 
  
Consequently, the displacements in each shaft section can be estimated by the following 
equation: 
    =     −  ∆   −   
∆  
2
  [62] 
Where: 
    = Shaft displacement for the umpteenth section; 
ρ0 = pile’s head displacement; 
Δe1 = elastic shortening of the first section; 
Δen = elastic shortening of the umpteenth section. 
 
As a result, the total elastic shortening (Δe_total) is the sum of the values of each section. In 
addition, the average shaft displacement of the micropile can be estimated as: 
 
      =    −  
∆ _     
2
  [63] 
  
4.2.1. M5 
From the theory abovementioned, the elastic shortening, and the shaft/tip displacement 
(Tables 54) were calculated for each load of the static loading test and at each instrumentation 
level. Subsequently, a graph was constructed that represents the Cambefort's first law showing 
the dependence of the variables already mentioned, for each instrumented section (Figure 232). 
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It is noteworthy that the development of the shaft resistance was presented in Table 46 of section 
4.1.1.ii. 
 
Table 54 – Elastic shortening and shaft/tip displacement (M5). 
LOAD 
(kN) 
ELASTIC SHORTENING (mm) SHAFT/TIP DISPLACEMENT (mm) 
SR-4.1 4.1-11.6 11.6-16.2 
Tip  
(16.2-17) 




0 0.00 0.00 0.00 0.00 0.00 0.0 0.0 0.0 0.0 0.0 
100 0.22 0.04 0.00 0.00 0.26 0.2 0.2 0.2 0.0 0.3 
200 0.45 0.10 0.01 0.00 0.56 0.7 0.6 0.5 0.0 0.8 
300 0.69 0.19 0.02 0.00 0.90 1.1 1.0 0.9 0.0 1.3 
400 0.95 0.30 0.03 0.00 1.27 1.6 1.4 1.3 0.0 1.9 
500 1.21 0.44 0.04 0.00 1.69 2.1 1.9 1.6 0.0 2.5 
600 1.48 0.59 0.05 0.00 2.13 2.6 2.3 2.0 0.0 3.0 
700 1.76 0.75 0.07 0.00 2.59 3.2 2.8 2.4 0.0 3.7 
800 2.08 0.99 0.09 0.00 3.17 4.0 3.5 3.0 0.0 4.5 
900 2.43 1.29 0.12 0.00 3.84 4.9 4.3 3.6 0.0 5.4 
1000 2.75 1.54 0.14 0.00 4.43 6.0 5.2 4.4 0.0 6.5 
1100 3.13 1.89 0.16 0.00 5.18 6.9 5.9 4.9 0.0 7.4 
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From the figure above, it can be seen that only the uppermost section of the micropile (SR-
4.1) tended to mobilize all lateral resistance while the lateral resistance of the two subsequent 
sections was still linearly increasing. Furthermore, based on Table 63, tip displacement was not 
observed.  
Figure 237 presents the development of the average unit shaft resistance (or unit skin 
friction) through the average pile shaft displacements, i.e., considering the entire bond length 
of the micropile (Lb = 17 m). Indeed, the limit shaft resistance was not imminent. As the 
Cambefort’s First Law presents a general elasto-plastic behavior of the shaft resistance, the Van 
der Veen (1953) methodology was used to fit and extrapolate the results of the load test. 
According to Fellenius (2020), the exponential fit of the Van der Veen (1953) formulation 
provides suitable values for an elasto-plastic stress-movement response. Therefore, according 
to the Van der Veen (1953) exponential function, the ground-to-grout ultimate shaft resistance 
would be 99 kPa associated with an average shaft displacement in the order of 30 mm.  In other 




Figure 237 – M5 Cambefort’s First Law (Average Values) and Van der Veen Extrapolation. 
 
4.2.2. M1 
Likewise, the elastic shortenings and the displacements along the pile shaft were calculated 





























Average Unit Shaft Resistance x Average Shaft Displacement
Avg Unit Lateral Resistance x Avg Shaft Displacement VdV Extrapolation
qs_VV = 99 kPa
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development of the average shaft lateral resistance through the average shaft displacements and 
the Van der Veen extrapolation. Lastly, according to the Van der Veen (1953) exponential 
function, the ground-to-grout ultimate shaft resistance would be 90 kPa associated to an average 
shaft displacement in the order of 18 mm, approximately. 
 
Table 55 – Elastic shortening and shaft/tip displacement (M1). 
LOAD 
(kN) 
ELASTIC SHORTENING (mm) SHAFT/TIP DISPLACEMENT (mm) 
SR-4.1 4.1-11.6 11.6-15.4 
Tip 
(15.4-16.5) 




0 0.00 0.00 0.00 0.00 0.00 0.0 0.0 0.0 0.0 0.0 
100 0.33 0.17 0.01 0.00 0.51 0.1 0.0 0.0 0.0 0.2 
200 0.61 0.24 0.01 0.00 0.86 0.1 0.0 0.0 0.0 0.1 
300 0.95 0.42 0.01 0.00 1.38 0.1 0.0 0.0 0.0 0.3 
400 1.32 0.64 0.02 0.00 1.98 0.1 0.0 0.0 0.0 0.2 
500 1.73 0.96 0.03 0.00 2.72 0.1 0.0 0.0 0.0 0.5 
600 2.15 1.29 0.05 0.00 3.50 0.3 0.0 0.0 0.0 0.7 
700 2.57 1.62 0.06 0.00 4.26 0.6 0.0 0.0 0.0 1.0 
800 3.03 2.02 0.08 0.00 5.14 0.9 0.0 0.0 0.0 1.3 
900 3.49 2.43 0.11 0.0 6.03 1.1 0.0 0.0 0.0 1.6 
1000 3.91 2.78 0.13 0.0 6.83 1.4 0.0 0.0 0.0 1.9 
1100 4.43 3.38 0.20 0.0 8.01 3.0 1.3 0.0 0.0 3.4 
1200 4.73 3.51 0.21 0.0 8.45 3.2 1.4 0.0 0.0 3.7 
1300 5.16 3.97 0.28 0.0 9.43 6.1 4.1 2.0 0.0 6.5 
 
 






























    300 
 
 
Figure 239 – M1 Cambefort’s First Law (Average Values) and Van der Veen Extrapolation. 
 
It is worth mentioning that the graph in Figure 239 should be interpreted with caution as 
this pile was submitted to eccentric loads and the displacement values may not be accurate. 
Additionally, Van der Veen's mathematical extrapolation process did not behave properly, that 
is, it was not possible to find a well-defined linear relationship (see Table X, Appendix A). 
Therefore, Figure 233 presents only an approximation of Cambefort’s First Law. 
 
4.2.3. M3 
Regarding the M3 micropile, the elastic shortenings and the displacements along the pile 
shaft were calculated and are available in Table 56 and illustrated in Figure 240. Moreover, 
Figure 241 presents the development of the average unit shaft resistance through the average 
shaft displacements and the Van der Veen extrapolation. According to the Van der Veen (1953) 
exponential function, the ground-to-grout ultimate shaft resistance would be 100 kPa with an 
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qs_VV = 90 kPa
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Table 56 – Elastic shortening and shaft/tip displacement (M3). 
LOAD 
(kN) 
ELASTIC SHORTENING (mm) SHAFT/TIP DISPLACEMENT (mm) 
SR-4.1 4.1-11.6 11.6-15.8 
Tip  
(15.8-17) 




0 0.00 0.00 0.00 0.00 0.00 0.0 0.0 0.0 0.0 0.0 
100 0.40 0.27 0.01 0.00 0.68 0.1 0.0 0.0 0.0 0.1 
200 0.80 0.52 0.02 0.00 1.35 0.1 0.0 0.0 0.0 0.2 
300 1.20 0.78 0.03 0.00 2.02 0.1 0.0 0.0 0.0 0.3 
400 1.67 1.16 0.05 0.00 2.88 0.2 0.0 0.0 0.0 0.4 
500 2.10 1.50 0.07 0.00 3.68 0.4 0.0 0.0 0.0 0.6 
600 2.66 2.06 0.11 0.00 4.84 0.6 0.0 0.0 0.0 0.8 
700 3.12 2.44 0.13 0.01 5.70 0.8 0.0 0.0 0.0 1.1 
800 3.58 2.85 0.16 0.01 6.60 1.1 0.0 0.0 0.0 1.4 
900 4.03 3.22 0.19 0.01 7.46 1.4 0.0 0.0 0.0 1.7 
1000 4.49 3.67 0.28 0.03 8.47 1.9 0.1 0.0 0.0 2.1 
1100 4.94 4.09 0.35 0.04 9.43 2.3 0.3 0.0 0.00 2.6 
1200 5.40 4.60 0.44 0.05 10.49 2.9 0.6 0.0 0.00 3.1 
1300 5.85 5.09 0.53 0.06 11.52 3.7 1.1 0.0 0.00 3.8 
1400 6.29 5.57 0.63 0.06 12.55 4.5 1.7 0.0 0.00 4.5 
1500 6.85 6.71 0.94 0.08 14.59 6.7 3.4 0.0 0.00 6.3 
1600 7.26 7.74 1.39 0.12 16.51 9.3 5.4 0.0 0.00 8.3 
1700 7.62 8.40 1.81 0.22 18.06 12.4 8.2 3.1 2.1 11.0 
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Figure 241 – M3 Cambefort’s First Law (Average Values) and Van der Veen Extrapolation. 
 
Apparently, the Van der Veen extrapolation presented better results for the M3 pile 
compared to the results of the previous micropiles (Figure 241). This was due to the fact that 
the M3 pile was subjected to higher load levels, which provided more data points for the model 
adjustment. Therefore, this model also supports the previous hypothesis of the full mobilization 
of the unit lateral geotechnical resistance for the M3 micropile. Finally, as this micropile was 
the only one to mobilize tip resistance among those discussed in the present work, it was 
possible to establish the Cambefort's Second Law (Figure 242). 
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4.2.4. MT 
Regarding the MT micropile, the elastic shortenings and the displacements along the pile 
shaft were calculated and are available in Table 57 and illustrated in Figure 243. Furthermore, 
Figure 244 illustrates both the development of the average unit shaft resistance through the 
average shaft displacements and the Van der Veen extrapolation. According to the Van der 
Veen (1953) exponential function, the ground-to-grout ultimate shaft resistance would be 105 
kPa with an average shaft displacement in the order of 25 mm, approximately. 
 
Table 57 – Elastic shortening and shaft/tip displacement (MT). 
LOAD 
(kN) 
ELASTIC SHORTENING (mm) SHAFT/TIP DISPLACEMENT (mm) 
SR-4.1 4.1-11.6 11.6-17.0 Total SR-4.1 4.1-11.6 11.6-17.0 δfavg 
0 0.00 0.00 0.00 0.00 0.0 0.0 0.0 0.0 
100 0.32 0.32 0.02 0.66 1.1 1.1 0.4 0.9 
200 0.58 0.49 0.03 1.10 1.9 1.5 0.6 1.3 
300 0.90 0.81 0.05 1.76 2.5 1.7 0.9 1.7 
400 1.28 1.24 0.07 2.59 2.8 2.1 1.1 2.0 
500 1.61 1.58 0.10 3.29 3.2 2.4 1.4 2.3 
600 1.97 1.98 0.14 4.09 3.6 2.5 1.7 2.6 
700 2.30 2.34 0.19 4.83 4.0 2.7 1.8 2.8 
800 2.63 2.72 0.25 5.59 4.5 3.1 1.9 3.2 
900 2.95 3.12 0.31 6.38 5.2 3.5 2.1 3.6 
1000 3.28 3.55 0.41 7.24 5.8 3.9 2.2 4.0 
1100 3.61 4.02 0.53 8.15 6.5 4.4 2.5 4.5 
1200 3.94 4.46 0.63 9.03 7.5 5.2 2.9 5.2 
1300 4.27 4.94 0.75 9.95 8.5 5.9 3.4 5.9 
1400 4.60 5.71 1.08 11.38 10.7 7.8 4.7 7.7 
1500 4.92 6.22 1.23 12.38 12.9 9.7 6.2 9.6 
1600 5.25 6.72 1.37 13.34 15.3 11.8 8.9 12.0 
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Figure 243 – MT Cambefort’s First Law. 
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qs_VV = 105 kPa
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Figure 243 illustrates an important detail in the behavior of the MT micropile. As discussed 
in section 4.1.4.ii., this micropile lost contact with the soil in the section from the ground surface 
to a depth of 4.1 m, due to a possible annulus grout deterioration (debonding effect).  
Finally, Table 58 presents the estimated ultimate grout-to-grout shaft resistance (qs_VV) for 
all micropiles and the basic statistical parameters as average (μ), standard deviation (σ), and 
coefficient of variation (COV). It can be seen that the average maximum lateral resistance is 
close to the results presented by Ferrari (1980) and D'Hyppolito (2017) for ground anchorages 
installed in the residual soil of São Paulo, and within the range observed by Jeon and Kulhawy 
(2002) for pressure-grouted micropiles performed in cohesive soils (silty clay mixtures). 
 
Table 58 – Estimated limit lateral resistance (qs_VV). 
qs_VV (kPa) Statistical Parameters 
M5 M1 M3 MT qs_μ σ COV 
99 90 100 105 99 6.2 6% 
 
 
4.3. Evaluation of the semiempirical formulations 
Figures 245 to 248 compares the values of the ultimate grout-to-ground shaft resistance 
estimated by the semiempirical formulations (qs_method), calculated in section 3.1.1.7.ii., with the 
maximum values presented in Table 43 and the average value proposed by the FHWA (2005) 
for this type of soil and micropile conditions. As none of the micropiles presented a clear 
geotechnical failure, the values estimated by the Van der Veen extrapolation were used instead 
of the actual results obtained in the load test. 
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Figure 245 – Comparison of estimated lateral resistance by semiempirical methods with the values obtained by 
the load test results (M5). 
 
 
Figure 246 – Comparison of estimated lateral resistance by semiempirical methods with the values obtained by 
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Figure 247 – Comparison of estimated lateral resistance by semiempirical methods with the values obtained by 
the load test results (M3). 
 
 
Figure 248 – Comparison of estimated lateral resistance by semiempirical methods with the values obtained by 
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The methods of Decourt-Quaresma (2016) and Bustamante-Doix (1985) resulted in 
optimistic values for all micropiles, with values of lateral geotechnical resistance above the 
20% interval. 
 The method suggested by Porto (2015), for ground anchors, resulted in optimistic values 
of limit geotechnical lateral resistance for all micropiles, except for the micropile submitted to 
tension loads (MT), providing values within the ± 20% interval. 
The method proposed by Springer (2006), for injectable soil nails, presented a good fit with 
the results obtained experimentally for all micropiles (within the ± 20% interval for all 
micropiles). 
Finally, the method suggested by the FHWA (2005) presented a good fit with the results of 
all micropiles. Indeed, the average value of ultimate grout-to-ground shaft resistance considered 
in Table 58 (qs_ μ = 99 kPa) is within the range proposed by the same code and presented in 
Table 18 for silt and clay mixtures (with fine sand), i.e., the typical structure of the residual 
diabase soil. 
 
4.4. Evaluation of the allowable geotechnical capacity 
Considering that the average lateral geotechnical resistance (or average grout-to-ground 
bond strength) is equal to the average of the estimated values (qs_μ = 99 kPa) for all micropiles, 
and applying an overall Factor of Safety equals to 2.0, the allowable geotechnical capacity, 















×   × 0.3 × 17 = 793   ~800    
 
 Moreover, the allowable displacements for the M1, M3, M5, and MT micropiles are around 
3, 5, 6, and 7 mm, respectively (Figure 249). Hence, the allowable displacements are within the 
limit for deep foundation design (<15 mm) as suggested by Fellenius (2019), and within the 
range observed by Carvalho and Cintra (1993) and Silva and Cintra (1994) for Type B and 
Type D micropiles, respectively. Besides, no relevant creep mechanism was developed at this 
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load stage, i.e., both the serviceability limit state (SLS) and the ultimate limit state (ULS) were 
satisfied. 
 
Figure 249 – Micropile’s allowable geotechnical capacity and their respective allowable displacements. 
  
Lastly, no tip resistance was mobilized for neither the micropiles submitted to compression 
stresses at the geotechnical workload (Figure 250), similar to what has been reported by the 
literature (CARVALHO et al., 1991; CARVALHO; CINTRA, 1993; POLIDO; CASTELLO; 
ALLEDI, 2000; JEON; KULHAWY, 2002; FRASSETO, 2004; NOGUEIRA, 2004; RUSSO, 
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Figure 250 – No tip resistance at the geotechnical workload for the M5, M1, and M3 micropiles. 
 
4.5. Pressure injection behavior 
In general, the micropiles installed in the Experimental Field III presented inconsistency in 
the injection pressure values during the postgrouting phase. According to Barbosa (2019), 
greater pile depths usually require higher injection pressure in order to open the valves due to 
the higher soil confinement pressure. However, considering the M3 and MT piles, whose load 
tests were performed close to the geotechnical failure, as previously discussed, this behavior 
was not observed (Figure 251). In addition, besides some valves did not open throughout the 
pile’s length, manchette valves at greater depths opened with a lower injection pressure than 
the valves located at the upper layers.  
For example, for the M3 micropile, the manchette valve located at a depth of 11.5 m opened 
with an initial pressure of 3000 kPa while the valve located at a depth of 16.5 m opened with 
an injection pressure of 1600 kPa in the first postgrouting phase (Figure 251). Likewise, for the 
MT micropile, the manchette valve located at a depth of 11 m opened with an initial pressure 
of 2400 kPa while the valve located at a depth of 15.5 m opened with an injection pressure of 
1500 kPa in the first postgrouting phase (Figure 251). Hence, three possible explanations arise 
to explain this behavior: (1) deficiencies in the manchette valve system within several depths 
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positioning inside the steel casing tube and/or (3) greater soil confinement due to the 
preliminary treatment injection pressures. 
 Finally, Figure 251 presents the injection pressure charts at each stage regarding all 
micropiles discussed in this work which values are presented in Tables I to IV of Appendix A. 
    
Figure 251 – Injection pressure charts at each injection stage regarding micropiles M5, M1, M3, and MT. 
 
For the analysis of the effect of injection pressures and cement consumption on the 
geotechnical strength-enhancement, a global analysis was performed in view of the 
extrapolations discussed in section 4.2., since all load tests were prematurely ended due to 
structural instability. Furthermore, only the M3 and MT micropiles were considered since their 
static load test was performed at higher loads, which led to greater values of mobilized lateral 
resistance. 
According to Table II and IV from Appendix A, the total amount of cement consumption 
for micropiles M3 and MT, considering either the preliminary treatment and postgrouting 
stages, was equal to 2850 kg and 3650 kg, respectively. Regarding the injection pressure of the 
preliminary treatment, the M3 micropile was performed with an injection pressure up to 2 MPa 
while the MT micropile with an injection pressure equal to 1.8 MPa. Moreover, the average 
injection pressures during the first postgrouting treatment were equal to 2.4 MPa for micropile 
M3 and 2.5 for micropile MT. Therefore, it is possible to state that the value of the injection 
pressure of either the preliminary treatment or the first postgrouting phases was almost the same 
and probably had the same influence in the geotechnical lateral resistance enhancement for both 
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MT micropile (about 28%). Hence, considering that the ultimate grout-to-ground shaft 
resistance of the MT micropile (qs_VV = 105 kPa) was about 5% greater than the limit lateral 
resistance of the M3 micropile (qs_VV = 100 kPa), it can be concluded that one of the reasons 
for that was the greater neat cement grout consumption of the MT micropile. The other reason 
may have been to the fact that the MT micropile was subjected to a second postgrouting 
treatment which the valves located at a depth of 11, 12, 12.5, 14, and 14.5 m were opened with 
an average injection pressure up to 2.6 MPa (see Table IV, Appendix A). Indeed, the grout-to-
ground shaft resistance of the deeper sandy-clayey silt soil layer (section 11.6 to 17 m, 
according to Tables 52 and 53 of section 4.1.5.) of the MT micropile was higher in comparison 
with the MC micropile. 
Table 29 (see section 3.1) was updated with the results of the M3 and MT micropiles (Table 
59) in order to compare the effectiveness of the pile installation process in the lateral 
geotechnical resistance enhancement with other types of piles studied in the Experimental Field 
I of UNICAMP. Additionally, Figures 246 to 248 present the comparison of the average shaft 
resistance under compression loads (qsc), the average shaft resistance under tension loads (qst), 
and the relation between them (qsc/qst), respectively. 
 
Table 59 – Updated results of the static load tests carried out in the Experimental Fields I and III. 
Pile’s Type As (m²) QCult (kN) QTult (kN) qsc (kPa) qst (kPa) qsc/qst 
Traditional Bored Pile - E01 15.08 684 639 41 46.4 0.88 
Traditional Bored Pile - E02 15.08 670 555 41 40 1.03 
Traditional Bored Pile - E03 15.08 693 605 41 42 0.98 
CFA pile - E1 15.08 960 600 57.2 46.4 1.23 
CFA pile - E2 15.08 975 600 57.2 40 1.43 
CFA pile - E3 15.08 720 600 57.2 46.4 1.23 
Screw Pile - E1 14 1545 900 86.1 75.5 1.14 
Root Pile or Type B Micropile - R1 15.45 980 910 62.2 59 1.05 
Root Pile or Type B Micropile - R2 15.45 980 980 62.2 63 0.99 
Root Pile or Type B Micropile - R3 15.45 980 910 62.2 59 1.05 
Micropiles M3 & MT 16.02 1700 1600 
#99 #100 #0.99 
*100 *105 *0.95 
    313 
 
Note: As = shaft area; QCult = Geotechnical failure under compression load; QTult = Geotechnical failure under 
tension load; qsc = Average shaft resistance under compression loads; qst = Average shaft resistance under tension 
loads; CFA = Continuous Flight Auger; # maximum average values of the grout-to-ground bond strength (qs_avg) 
obtained by the load test; * maximum average values of the grout-to-ground bond strength (qsmax_VV) predicted by 
the Van der Veen (1953) extrapolation. 
 
 
Figure 252 – Comparison of the average shaft resistance of the piles under compression loads (qsc). 
 
 
Figure 253 – Comparison of the average shaft resistance of the piles under tension loads (qst). 
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Figure 254 – Comparison between qs values of compressed and uplift piles. 
 
Considering that the slight difference between the shaft area of the piles covered in Table 
59 is irrelevant for the analysis of the mobilized average shaft resistance, it can be concluded 
that the executive process of the M3 and MT micropiles proved to be quite promising in terms 
of lateral load capacity for both types of load solicitation, especially because of the high 
injection pressures and the large cement consumption during the preliminary treatment and the 
postgrouting phases. 
In terms of compression stresses, the M3 micropile mobilized a shaft resistance of 241%, 
174%, 159%, and 115% higher than the traditional bored piles, CFA piles, root piles (Type B), 
and screw pile, respectively, considering the maximum load test results. Regarding the 
extrapolated results, these values are even higher (244%, 175%, 161%, and 116% higher than 
the traditional bored piles, CFA piles, root piles, and screw pile, respectively). 
For uplift stresses, the MT micropile mobilized a shaft resistance of about 234%, 226%, 
166%, and 132% higher than the traditional bored piles, CFA piles, root piles (Type B), and 
screw pile, respectively, considering the maximum load test results. Regarding the extrapolated 
results, these values are even superior (245%, 237%, 174%, and 139% higher than the 
traditional bored piles, CFA piles, root piles, and screw pile, respectively). 
The most surprising aspect of the aforementioned data is that the average uplift lateral 
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(maximum value at the load test and extrapolated values) while the specialized literature 
concluded otherwise (CARVALHO et al., 1991; CORRÊA, 1988; HAN; YE, 2006; NICOLA; 
RANDOLPH, 1993; ORLANDO, 1999; POLIDO; CASTELLO; ALLEDI, 2000; QIAN; LU, 
2011). This unconventional behavior may be related to the fact that the MT micropile had two 
phases of postgrouting treatment and had a neat cement consumption of about 28% higher than 
the M3 micropile, which led to a geotechnical resistance enhancement. Indeed, the amount of 
cement consumption and the number of postgrouting phases results in an improvement in the 
geotechnical bearing capacity as was reported by Gouvenot and Gabaix (1975), Neto Sadalla 
(1995), Neto Sadalla, Bernardes, and Alencar (1996. 1998), Zirlis, Pitta, and Souza (2003), 
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5. CONCLUSIONS 
The main conclusions of this Master's Dissertation research are: 
 The executive process of the new configuration of micropiles presented an improved 
performance when compared to the traditional Types B and D micropiles since the 
use of a highly strength steel tube for drilling, casing, injection and later use as 
reinforcement may reduce both the time and the number of operators for its 
installation. However, the micropiles presented mechanical limitations regarding the 
materials of their structural cross-section. The structural tubes had a thin oil layer 
on their surface from their manufacturing process, which may have been detrimental 
to the adhesion factor of neat cement grout in the steel-grout interface. In addition, 
the cleaning phase after the pile drilling process proved to be inefficient as the fine-
grained soil on the tube surface was not completely removed, enhancing the non-
adhesion between the grout-steel interface. Besides, the steel tube was essentially 
smooth which in turn could also affect de adhesion factor between the grout-to-steel 
interface. Finally, the values of the unconfined compressive strength and 
deformation modulus of the grout used in in-situ were below the minimum required 
by several standards and specialized literature, compromising the integrity of the 
pile. In order to prevent this issue, it is recommended to use a low water/cement 
ratio when producing the grout mixture. Besides, it is also recommended the use of 
admixtures such as superplasticizer or anti-shrinkage in an effort to avoid excessive 
contraction in the grout material. 
 From the analysis of the stress vs deformation curves of the instrumented sections, 
all micropiles presented creep response at the reference section associated with 
stresses in the range of 10 to 18 MPa. The creep behavior is likely to be related to 
the low strength of the grout (in the order of 15 MPa in 28 days) and consequently 
to its low secant deformation modulus (in the order of 6 GPa). In addition, as no 
admixtures were used such as superplasticizer or anti-shrinkage, the neat cement 
grout also presented higher shrinkage leading to excessive fissuring. Therefore, the 
creep response phenomenon may suggest the degradation of the neat cement grout 
at the uppermost region of the micropile. Besides, another fact that points to the 
failure of the neat cement grout are the excessive degradation of the pile's secant 
deformation module of all micropiles as the stresses were increased at the top of 
them throughout the load stages; 
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 Among the four micropiles presented in this work (M5, M1, M3, and MT), two of 
them presented problems during their installation. The M5 micropile had its annulus 
grout compromised due to problems during the executive process while the M1 
micropile had location issues, which caused an eccentricity in relation to the reaction 
system. Both piles experienced structural failure during the load tests. The M5 
failure mechanism was associated with the collapse of the annulus grout (cracking 
plus debond effects). The M1 failure mechanism was due to excessive axial loads 
caused by the eccentricity of the applied load (buckling induced failure at the top of 
the micropile), which led to the plastification of both the pile head and the superficial 
soil;  
 The M3 and MT micropiles reached load levels higher than the M5 and M1 
micropiles. However, both of them were also paralyzed before the geotechnical 
failure due to structural problems during the load test. Moreover, both micropiles 
experienced sudden failure after reaching a peak value of resistance, followed by a 
plunging behavior, which destabilized the reaction system. This behavior may 
suggest that the resistance to both compression and tensile stresses of the neat 
cement grout were exceeded since the ultimate structural capacity of both micropiles 
was not close, i.e., considering the yielding of the steel casing tube. In fact, the 
stresses at the head of these piles were substantially higher than the unconfined 
strength of the grout measured in the laboratory. In addition, this behavior may 
suggest a problem of adhesion between the grout (external and internal) and the 
structural tube at the uppermost region of the pile. Additionally, the friction 
component between the interfaces of the annulus grout and the steel tube may have 
been reduced due to the low competence in terms of confinement stresses of the 
porous sand clayey soil. Therefore, caution is warranted for this type of failure 
mechanism when designing this type of micropile; 
 Regarding the distribution of the lateral friction in-depth, all micropiles submitted 
to compression loads mobilized a significant geotechnical lateral resistance (greater 
than 100 kPa) in the sandy clay soil with low penetration index (NSPTavg < 4). This 
result may be explained by the particular characteristics of the executive process of 
the micropile's new configuration, which enhanced the geotechnical resistance of 
the surrounding soil (qs); 
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 Unlike the M5 and M1, the M3 and MT micropiles experienced structural 
instabilities at higher loads. To this extent, the unit shaft resistance of these 
micropiles reached higher values (close to the saturation), especially in deep soil 
layers. Indeed, their full mobilization was imminent according to the tangent 
modulus methodology proposed by Fellenius (2019) and the adapted Fuller and Hoy 
(1970) methodology presented in this work. In addition, the parallelism effect 
observed in the last load stages in the load distribution graph along the pile’s depth 
can also support this statement. Lastly, the M3 micropile was the only one to 
mobilize tip resistance (6% of the total load applied at its head), which also sustains 
the hypothesis of the imminent geotechnical failure for this micropile since small 
diameter piles does not mobilize significant tip capacity; 
 The MT micropile developed higher values of unit shaft geotechnical resistance in 
the last two instrumented sections (from a depth of 4.1 m to 17 m, i.e., the sandy-
clayey silt soil layer) than the M3 micropile. This result may be explained by the 
fact that the MT micropile had both a higher cement consumption during its 
installation (28% higher) and a second postgrouting phase with an average injection 
pressure of 2.6 MPa;                        
 The M3 and MT micropiles presented a post-peak softening behavior of the 
mobilized bond stress along the shaft which reflected in a brittle response of the 
load-movement response at the top of the pile. The sensitive response of the annulus 
grout and the steel pipe interface was probably due to the intense shrinkage of the 
neat cement grout used during the grouting phases. It is believed that the post-peak 
reduction phenomenon could have triggered structural instabilities among the pile’s 
shaft since the soil contribution to absorb stress was suddenly decreased instead of 
stabilizing, which led to an overloading of the pile's structural cross-section 
Although the use of anti-shrinkage additives for this type of micropile was 
recommended to overcome this issue, the precise mechanism of the post-peak 
reduction of the mobilized bond stress remains to be elucidated in further studies; 
 Regarding the first Cambefort Law, it was possible to observe that only the M3 
micropile had completely mobilized the lateral geotechnical resistance throughout 
the pile’s shaft (qs = 99 kPa), with displacements of the order of 11 mm. In addition, 
the second Cambefort Law was applied only to this micropile as it was the only one 
to develop tip resistance. According to it, the tip resistance reached a value of 1600 
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kPa with a displacement of approximately 2.1 mm. It is worth mentioning that the 
tip saturation was not verified;  
 In order to further evaluate the average ultimate grout-to-ground shaft resistance in-
depth, the Van der Veen extrapolation method was applied to the Cambefort's First 
Law since the load tests were finished prematurely. The ultimate grout-to-ground 
shaft resistance according to this methodology was of the order of 99 kPa, 90 kPa, 
100 kPa, and 105 kPa for the micropiles M5, M1, M3, and MT, respectively. Thus, 
the average value of the ultimate grout-to-ground bond strength of the micropiles 
presented in this study was qs_ μ ~ 100 kPa, i.e., within the limits proposed by the 
Federal Highway Administration for Type D micropiles, performed in silty and 
clayey soils (with fine sand). Furthermore, this value is within the range observed 
for anchored structures performed in São Paulo's residual soils according to Ferrari 
(1980) and D'Hyppolito (2017) and within the range of post-grouted micropiles 
performed in silt and clay mixed soils (Jeon and Kulhawy, 2002 and Jeon, 2004); 
 From the semi-empirical methods for estimating the qs parameter, the one proposed 
by Springer (2006), for postgrouted soil nails, presented better compatibility with 
the average extrapolated result (qs_ μ ~ 100 kPa), that is, within the range of ± 20%. 
The methods of Decourt and Quaresma (2016), and Bustamante and Doix (1985) 
generally presented results above the range of ± 20%. The method suggested by 
Porto (2015), for ground anchors, proved to be compatible only with the MT 
micropile. Lastly, the method proposed by the FHWA (2005) presented a good fit 
with the results obtained by all micropiles, i.e., within the range of ± 20%; 
 The behavior of the injection pressure along the depth was inconsistent with the 
results observed by Barbosa (2019) since the injection pressures did not increase 
linearly with the depth. In the present study, the values of injection pressures 
oscillated along with the micropile's depth. In addition, several valves in-depth did 
not open. There are several possible explanations for this result: (1) defects in the 
manchette valve system (2) lack of experience of the micropile operator during the 
double-packer positioning inside the steel casing tube and/or (2) high confinement 
of the pile shaft due to the geotechnical enhancement of the preliminary treatment. 
In fact, all micropiles presented higher values of injection pressures during the 
preliminary treatment (1.5 MPa, 1.6 MPa, 2.0 MPa, and 1.8 MPa for the M5, M1, 
M3, and MT micropiles, respectively);  
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 The new configuration of micropiles presented in this study showed to be promising 
in terms of lateral geotechnical resistance mobilization when compared with other 
non-displacement piles performed in the same geological-geotechnical context 
(piles embedded in diabase residual soil), which endorse the micropile’s executive 
process effectiveness regarding the mobilization of this parameter. Taking into 
consideration the M3 and MT micropiles, which were tested near to the geotechnical 
failure, the lateral resistance mobilized from the compressed micropile (M3) was on 
average 2.41, 1.74, 1.59, and 1.15 times greater than the lateral resistance mobilized 
by the traditional bored piles, CFA piles, root piles, and screw piles, respectively, 
while the lateral resistance mobilized from the tensile micropile (MT) was on 
average 2.34, 2.26, 1.66, and 1.32 times higher than the lateral resistance mobilized 
by traditional bored piles, CFA piles, root piles, and screw piles, respectively. 
 
6. RECOMMENDATIONS OF FUTURE WORK 
 Study the behavior of the present micropiles considering a neat cement grout of greater 
strength and less retraction, that is, with a reduced W/C ratio ( ~ 0.4) and with the use of 
admixtures such as superplasticizer or anti-shrinkage; 
 Study the influence of the executive process on the micropile’s final diameter and also on 
the shaft roughness in-depth, from the extraction of the micropile; 
 Study the correlation between the ultimate geotechnical lateral resistance as a function of 
cement consumption for other types of soils; 
 Evaluate through the Finite Element Method (FEM) the failure mechanisms of each 
micropile presented in this work as a form to elucidate them; 
 Evaluate through the Finite Element Method (FEM) the influence of the executive process 
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APPENDIX A  
Figure I – Campinas Geological Map 
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Figure IV - SPT-T 02 - REPORT (PART I) 
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Figure V - SPT-T 02 - REPORT (PART II) 
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Figure VI - SPT-T 03 - REPORT 
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Figure VII - SPT-T 04 - REPORT (PART I) 
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Figure VIII - SPT-T 04 - REPORT (PART II) 
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Figure X - SPT-T 05 - REPORT (PART II) 
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Figure XI - CPTU 01 -  REPORT 
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Figure XIV - REACTION BEAM PROJECT 
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Table I - GROUTING OPERATION TABLE FOR MICROPILE M1 
 
Note – P.T. = preliminary treatment; C.C. = cement consumption; " - " = valves which did not open; I.G.P. = initial 
grout pressure to open the manchette valve; R.P.G. = residual or injection grout pressure to maintain the manchette 















- 0 - - - - - -
34 0,5 - - - - - -
33 1 - - - - - -
32 1,5 - - - - - -
31 2 - - - - - -
30 2,5 - - - - - -
29 3 - - - - - -
28 3,5 - - - 450 2400 2000
27 4 - - - - - -
26 4,5 - - - - - -
25 5 - - - - - -
24 5,5 - - - - - -
23 6 - - - - - -
22 6,5 - - - - - -
21 7 - - - - - -
20 7,5 - - - - - -
19 8 - - - - - -
18 8,5 - - - - - -
17 9 - - - 500 2800 2200
16 9,5 - - - - - -
15 10 - - - - - -
14 10,5 - - - - - -
13 11 - - - - - -
12 11,5 - - - 50 2200 1400
11 12 - - - 50 2000 1400
10 12,5 - - - 100 2200 1600
9 13 50 2000 1400 - - -
8 13,5 50 1800 1400 - - -
7 14 350 2000 1600 - - -
6 14,5 - - - - - -
5 15 - - - - - -
4 15,5 - - - - - -
3 16 - - - - - -
2 16,5 - - - - - -
MICROPILE 1  (M1)
C. C.  
(kg)
I.G.P (kPa) I.G.P (kPa) R.P.G (kPa)
Sandy clay, 
slightly silty,  












C. C.  
(kg)
Soil Description
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Table II - GROUTING OPERATION TABLE FOR MICROPILE M3 
 
Note – P.T. = preliminary treatment; C.C. = cement consumption; " - " = valves which did not open; I.G.P. = initial 
grout pressure to open the manchette valve; R.P.G. = residual or injection grout pressure to maintain the manchette 













- 0 - - - - - -
34 0,5 - - - - - -
33 1 - - - - - -
32 1,5 - - - - - -
31 2 - - - - - -
30 2,5 - - - - - -
29 3 - - - - - -
28 3,5 - - - - - -
27 4 - - - - - -
26 4,5 - - - - - -
25 5 200 2000 1600 - - -
24 5,5 50 2000 1600 - - -
23 6 50 2000 1800 - - -
22 6,5 50 2200 1800 - - -
21 7 50 2000 1800 - - -
20 7,5 50 1000 800 - - -
19 8 200 2800 2400 - - -
18 8,5 - - - - - -
17 9 - - - - - -
16 9,5 - - -
15 10 50 2000 2000 - - -
14 10,5 50 3700 2800 - - -
13 11 50 3800 2400 - - -
12 11,5 150 3800 3000 - - -
11 12 - - - - - -
10 12,5 - - - - - -
9 13 100 2400 2000 - - -
8 13,5 - - - - - -
7 14 50 2800 2200 - - -
6 14,5 150 1400 1000 - - -
5 15 - - - - - -
4 15,5 - - - - - -
3 16 - - - - - -
2 16,5 400 2000 1600 - - -
1 17 - - - - - -
P.T.
Sandy clay, 
slightly silty,  very 
soft to soft
Sandy-clayey silt  
medium







First Phase Second Phase
C. C.  
(kg)
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Table III - GROUTING OPERATION TABLE FOR MICROPILE M5 
 
Note – P.T. = preliminary treatment; C.C. = cement consumption; " - " = valves which did not open; I.G.P. = initial 
grout pressure to open the manchette valve; R.P.G. = residual or injection grout pressure to maintain the manchette 













- 0 - - - - - -
34 0,5 - - - - - -
33 1 - - - - - -
32 1,5 - - - - - -
31 2 - - - - - -
30 2,5 - - - - - -
29 3 - - - - - -
28 3,5 - - - - - -
27 4 - - - - - -
26 4,5 - - - - - -
25 5 - - - - - -
24 5,5 - - - - - -
23 6 - - - - - -
22 6,5 - - - - - -
21 7 - - - - - -
20 7,5 - - - - - -
19 8 - - - - - -
18 8,5 - - - - - -
17 9 - - - - - -
16 9,5 - - - - - -
15 10 - - - - - -
14 10,5 - - - - - -
13 11 - - - - - -
12 11,5 - - - - - -
11 12 - - - - - -
10 12,5 - - - - - -
9 13 - - - - - -
8 13,5 - - - - - -
7 14 - - - - - -
6 14,5 - - - - - -
5 15 - - - - - -
4 15,5 - - - - - -
3 16 - - - - - -
2 16,5 - - - - - -
1 17 - - - - - -
Sandy clay, 
slightly silty,  very 
soft to soft






First Phase Second Phase










MICROPILE 5  (M5)
P.T.
Valve Pile Depth (m) Soil Description
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Table IV - GROUTING OPERATION TABLE FOR MICROPILE MT 
 
Note – P.T. = preliminary treatment; C.C. = cement consumption; " - " = valves which did not open; I.G.P. = initial 
grout pressure to open the manchette valve; R.P.G. = residual or injection grout pressure to maintain the manchette 













- 0 - - - - - -
34 0,5 - - - - - -
33 1 - - - - - -
32 1,5 - - - - - -
31 2 - - - - - -
30 2,5 - - - - - -
29 3 - - - - - -
28 3,5 - - - - - -
27 4 - - - - - -
26 4,5 - - - - - -
25 5 - - - - - -
24 5,5 - - - - - -
23 6 - - - - - -
22 6,5 - - - - - -
21 7 - - - - - -
20 7,5 - - - - - -
19 8 150 1800 1200 - - -
18 8,5 50 2000 1800 - - -
17 9 50 2400 2000 - - -
16 9,5 200 2400 1800 - - -
15 10 - - - - - -
14 10,5 50 2400 2000 - - -
13 11 50 3000 2400 200 2000 1800
12 11,5 50 2600 2200 - - -
11 12 100 2200 1800 50 2400 1800
10 12,5 50 2400 2000 200 4400 3200
9 13 50 2600 2200 - - -
8 13,5 100 2800 2200 - - -
7 14 50 3200 2400 100 1800 1400
6 14,5 50 2000 1600 400 2400 1800
5 15 50 3800 1000 - - -
4 15,5 450 1800 1500 - - -
3 16 - - - - - -
2 16,5 - - - - - -
1 17 - - - - - -
Sandy clay, 
slightly silty,  
very soft to soft






TENSION MICROPILE  (MT)
P.T.
Valve Pile Depth (m) Soil Description
First Phase Second Phase




R.P.G (kPa) C. C.  (kg) I.G.P (kPa)
R.P.G 
(kPa)
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MICROSTRAIN (με) SECANT MODULUS - Esec (GPa) 
SR 4.1m 11.6m 16.2m SR 4.1m 11.6m 16.2 
0 0 0 0 0 0 15.7 15.7 15.7 15.7 
100 1.4 92 9 1.3 0.3 15.4 15.7 15.7 15.7 
200 2.8 217 23.8 3.7 0.7 15.0 15.6 15.7 15.7 
300 4.2 318 42.89 6.9 1.1 14.7 15.6 15.7 15.7 
400 5.7 389 68.5 11 1.5 14.5 15.5 15.7 15.7 
500 7.1 497 100 16.9 1.62 14.2 15.4 15.6 15.7 
600 8.5 595 134 23.23 2.8 13.9 15.3 15.6 15.7 
700 9.9 715 172 31 2.6 13.5 15.2 15.6 15.7 
800 11.3 867 230 41 4 13.1 15.0 15.6 15.7 
900 12.7 1002 303 53.3 3.5 12.7 14.8 15.5 15.7 
1000 14.1 1171 367 63.1 2.7 12.2 14.6 15.5 15.7 










MICROSTRAIN (με) SECANT MODULUS - Esec (GPa) 
SR 4.1m 11.6m 15.4m SR 4.1m 11.6m 15.4 
0 0 0 0 0 0 14.9 14.9 14.9 14.9 
100 1.4 94 39 3 0.15 14.5 14.8 14.9 14.9 
200 2.8 132 56 4 0.33 14.4 14.7 14.9 14.9 
300 4.2 216 101 5 1 14.1 14.5 14.9 14.9 
400 5.7 314 157 9 2 13.7 14.3 14.9 14.9 
500 7.1 441 237 16 3 13.2 14.0 14.8 14.9 
600 8.5 566 324 25 5 12.7 13.6 14.8 14.9 
700 9.9 700 416 33 7 12.1 13.3 14.8 14.9 
800 11.3 856 534 44 9 11.5 12.8 14.7 14.9 
900 12.7 1020 667 56 12 10.9 12.3 14.7 14.9 
1000 14.1 1208 785 70 15 10.1 11.8 14.6 14.9 
1100 15.6 1651 1002 105 21 8.4 11.0 14.5 14.8 
1200 17.0 1807 1059 112 22 7.8 10.7 14.5 14.8 
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MICROSTRAIN (με) SECANT MODULUS - Esec (GPa) 
SR 4.1m 11.6m 15.8m SR 4.1m 11.6m 15.8 
0 0 0 0 0 0 14.2 14.2 14.2 14.2 
100 1.4 117 60 5 1 13.9 14.0 14.2 14.2 
200 2.8 207 118 11 2 13.7 13.9 14.2 14.2 
300 4.2 284 180 16 3 13.5 13.7 14.1 14.2 
400 5.7 387 270 25 4 13.2 13.5 14.1 14.2 
500 7.1 499 351 35 6 12.9 13.3 14.1 14.2 
600 8.5 638 494 50 8 12.6 13.0 14.1 14.2 
700 9.9 857 594 61 11 12.0 12.7 14.0 14.2 
800 11.3 1134 701 77 13 11.4 12.4 14.0 14.2 
900 12.7 1428 806 91 18 10.6 12.2 14.0 14.1 
1000 14.1 1773 922 120 37 9.8 11.9 13.9 14.1 
1100 15.6 2150 1040 147 49 8.8 11.6 13.8 14.1 
1200 17.0 2561 1177 188 58 7.8 11.2 13.7 14.0 
1300 18.4 3072 1309 236 69 6.5 10.9 13.6 14.0 
1400 19.8 3215 1452 285 80 6.1 10.6 13.5 14.0 
1500 21.2 3623 1735 461 109 5.1 9.8 13.0 13.9 
1600 22.6  * 1903 699 168  * 9.4 12.4 13.8 
1700 24.1  * 2046 860 262  * 9.1 12.0 13.5 
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Table VIII  – Secant modulus of each load stage of each instrumented section (MT) 
LOAD 
(kN) 
PILE STRESS (MPa) 
MICROSTRAIN (με) SECANT MODULUS – Esec (GPa) 
SR 4.1m 11.6m SR 4.1m 11.6m 
0 0 0 0 0 19.3 19.3 19.3 
100 1.4 86 72 8 19.0 19.0 19.2 
200 2.8 142 114 9.9 18.8 18.9 19.2 
300 4.2 222 188 18 18.6 18.7 19.2 
400 5.7 300 294 27 18.4 18.4 19.2 
500 7.1 354 376 38 18.2 18.1 19.2 
600 8.5 419 516 52 18.0 17.7 19.1 
700 9.9 470 616 69 17.8 17.4 19.1 
800 11.3 490 724 90 17.8 17.1 19.0 
900 12.7 441 836 115 17.9 16.7 18.9 
1000 14.1 394 945 151 18.1 16.4 18.8 
1100 15.6 353 1061 196 18.2 16.0 18.7 
1200 17.0 315 1189 236 18.3 15.6 18.5 
1300 18.4 311 1303 284 18.3 15.3 18.4 
1400 19.8 313 1432 417 18.3 14.9 18.0 
1500 21.2 314 1555 481 18.3 14.5 17.8 
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Table IX – Van der Veen extrapolation for M5 
qsavg  -ln(1-qs/qsadopted) δfavg radopted radjusted qs_VV 
0 70 80 90 100 0   0 0 
6.24137 0.093391 0.081229 0.07187 0.064446 0.280583 1.5 -0.266 23.35609 
12.48274 0.19641 0.169643 0.149309 0.133334 0.819204 3 -0.491 38.79859 
18.72411 0.311275 0.26664 0.233252 0.207321 1.343806 4.5 -0.716 51.12968 
24.96548 0.441066 0.374066 0.324891 0.287222 1.90744 6 -0.941 60.97626 
31.20685 0.590252 0.494437 0.425784 0.374066 2.47358 7.5 -1.166 68.83891 
37.44822 0.765663 0.631305 0.538011 0.469176 3.021186 9 -1.391 75.11736 
43.68959 0.978531 0.789922 0.664443 0.574291 3.668077 10.5 -1.616 80.13081 
49.93096 1.249317 0.978531 0.809206 0.691767 4.489231 12 -1.841 84.13413 
56.17233 1.621824 1.211179 0.978531 0.824905 5.419689 13.5 -2.066 87.33085 
62.4137 2.222152 1.514907 1.182491 0.978531 6.495016 15 -2.291 89.88348 
68.65507 3.952156 1.953256 1.438996 1.160118 7.428615 16.5 -2.516 91.92179 
R2 0.9743 0.9839 0.9963 0.9989 - 18 -2.741 93.54942 
b - - - 0.041 - 19.5 -2.966 94.84911 
a - - - 0.15 - 21 -3.191 95.88693 
 
  
22.5 -3.416 96.71565 
24 -3.641 97.37739 
25.5 -3.866 97.9058 
27 -4.091 98.32775 
28.5 -4.316 98.66468 
30 -4.541 98.93373 
31.5 -4.766 99.14856 
33 -4.991 99.32011 
34.5 -5.216 99.4571 
Note: All blue values were used to obtain the best fit line (better R2 value). 
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Table X – Van der Veen extrapolation for M1 
qsavg -ln(1-qs/qsadopted) δfavg radopted radjusted qs_VV 
0 85 90 95 100 0 0 0 0 
6.430503 0.078668 0.074131 0.070089 0.066466 0.175385 1.5 -1.0814 59.47916 
12.86101 0.164057 0.154201 0.145464 0.137666 0.126435 3 -1.6064 71.94523 
19.29151 0.257423 0.241244 0.226987 0.214326 0.250859 4.5 -2.1314 79.31961 
25.72201 0.360413 0.336592 0.31575 0.297356 0.23286 6 -2.6564 83.68196 
32.15251 0.475241 0.442 0.413166 0.387908 0.490605 7.5 -3.1814 86.26253 
38.58302 0.604986 0.559841 0.521107 0.487484 0.662402 9 -3.7064 87.78908 
45.01352 0.75411 0.693448 0.642124 0.598083 1.049589 10.5 -4.2314 88.69212 
51.44402 0.929436 0.847699 0.77983 0.722453 1.343465 12 -4.7564 89.22631 
57.87452 1.142178 1.03016 0.939573 0.864518 1.576616 13.5 -5.2814 89.54232 
64.30503 1.41276 1.253514 1.129778 1.03016 1.883136 15 -5.8064 89.72926 
70.73553 1.784879 1.541547 1.364864 1.228796 3.384191 16.5 -6.3314 89.83984 
77.16603 2.384182 1.947714 1.672772 1.476921 3.672069 18 -6.8564 89.90526 
83.59654 4.103708 2.642971 2.11996 1.807678 6.549975 19.5 -7.3814 89.94395 
R2 0.9613 0.9639 0.9616 0.9583 - 21 -7.9064 89.96685 
b - 0.5564 - - - 22.5 -8.4314 89.98039 
a - 0.35 - - - 24 -8.9564 89.9884 
      25.5 -9.4814 89.99314 
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Table XI – Van der Veen extrapolation for M3 
qsavg -ln(1-qs/qsadopted) δfavg radopted radjusted qs_VV 
  100 105 110 120     0 0 
6.24137 0.064446475 0.061282 0.058413 0.053413 0.159741 1.5 -0.6623 48.43361 
12.48274 0.133334162 0.126565 0.120451 0.10984 0.226996 3 -1.2623 71.69976 
18.72411 0.207320781 0.19641 0.186594 0.169643 0.288869 4.5 -1.8623 84.4685 
24.96548 0.287221929 0.271502 0.257423 0.233252 0.457992 6 -2.4623 91.47613 
31.20685 0.374066033 0.352694 0.333654 0.301182 0.659535 7.5 -3.0623 95.322 
37.44822 0.469175523 0.441066 0.41618 0.374066 0.780659 9 -3.6623 97.43266 
43.68959 0.574290805 0.538011 0.506134 0.452682 1.150155 10.5 -4.2623 98.59101 
49.93096 0.691767384 0.645373 0.604986 0.538011 1.398985 12 -4.8623 99.22673 
56.17233 0.824904898 0.765663 0.714693 0.631305 1.671457 13.5 -5.4623 99.57562 
61.55619 0.955972476 0.882492 0.820076 0.719426 2.164001 15 -6.0623 99.7671 
67.30664 1.117998244 1.024476 0.946437 0.823002 2.585209 16.5 -6.6623 99.87218 
73.52733 1.329057193 1.204841 1.103917 0.948627 3.056513 18 -7.2623 99.92985 
79.69755 1.594428573 1.423059 1.289252 1.091079 3.738822 19.5 -7.8623 99.9615 
85.87277 1.957066161 1.702847 1.517139 1.257396 4.523472 21 -8.4623 99.97887 
92.59178 2.602580597 2.135602 1.843538 1.476649 6.606464 22.5 -9.0623 99.9884 
97.70313 3.773624283 2.666515 2.191136 1.683046 8.243483 24 -9.6623 99.99364 
99.04144 4.647489729 2.869131 2.306359 1.744944 10.07145 25.5 -10.2623 99.99651 
R2 0.9947 0.9844 0.9741 0.9573 -    
b 0.26 - - - -    
a 0.37000 - - - -    
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Table XII – Van der Veen extrapolation for MT 
qsavg -ln(1-qs/qsadopted) δfavg radopted radjusted qs_VV  
100 105 110 115 
  
0 0 
6.241370317 0.064 0.061 0.058 0.056 0.914 1.5 -0.46 38.715 
12.48274063 0.133 0.127 0.120 0.115 1.672 3 -0.82 58.755 
18.72411095 0.207 0.196 0.187 0.178 2.088 4.5 -1.18 72.736 
24.96548127 0.287 0.272 0.257 0.245 2.186 6 -1.54 82.490 
31.20685159 0.374 0.353 0.334 0.317 2.433 7.5 -1.9 89.295 
37.4482219 0.469 0.441 0.416 0.394 2.556 9 -2.26 94.043 
43.68959222 0.574 0.538 0.506 0.478 2.818 10.5 -2.62 97.356 
49.93096254 0.692 0.645 0.605 0.569 3.142 12 -2.98 99.667 
56.17233286 0.825 0.766 0.715 0.670 3.566 13.5 -3.34 101.279 
62.41370317 0.979 0.902 0.838 0.782 3.904 15 -3.7 102.404 
68.65507349 1.160 1.061 0.979 0.909 4.373 16.5 -4.06 103.189 
74.89644381 1.382 1.249 1.142 1.053 5.175 18 -4.42 103.736 
81.13781413 1.668 1.482 1.338 1.223 5.870 19.5 -4.78 104.118 
87.37918444 2.070 1.785 1.582 1.426 7.671 21 -5.14 104.385 
93.62055476 2.752 2.222 1.904 1.683 9.559 22.5 -5.5 104.571 
99.86192508 6.585 3.017 2.384 2.028 11.658 24 -5.86 104.701 
R2 0.8438 0.9905 0.9862 0.9769 - 25.5 -6.22 104.791 
b - 0.1 - - - 27 -6.58 104.854 
a - 0.24 - - - 28.5 -6.94 104.898 
      30 -7.3 104.929 
 
Note: Blue values that were used to obtain the best fit line (better R2 value). 
 
 
